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Abstract

Simultaneous wireless information and power transfer (SWIPT)-enabled cognitive networks (CRNs) is recognized as one of
the most promising techniques to improve spectrum efficiency and prolong operation lifetime in 5G and beyond. However,
existing methods focus on the centralized algorithm and the power allocation under perfect channel state information (CSI).
The analytical solution and the impact of power splitting (PS) on the optimal power allocation strategy are not addressed. In
addition, the influence of the PS factor on the feasible region of transit power is rarely analyzed. In this paper, we propose
a joint power allocation and PS algorithm under perfect CSI and imperfect CSI, respectively, for multiuser SWIPT-enabled
CRNs scenarios. The power minimization of resource allocation problem is formulated as a multivariate nonconvex optimization
which is hard to obtain the closed-form solution. Hence, we propose a suboptimal algorithm to alternatively optimize the
power allocation and PS coefficient under the cases of the low-harvested energy region and the high-harvested energy region,
respectively. Moreover, a closed-form distributed power allocation and PS expressions are derived by the Lagrangian approach.

Simulation results confirm the proposed method with good robustness and high energy efficiency.
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Abstract—Simultaneous wireless information and power trans-
fer (SWIPT)-enabled cognitive networks (CRNs) is recognized
as one of the most promising techniques to improve spectrum
efficiency and prolong operation lifetime in 5G and beyond.
However, existing methods focus on the centralized algorithm
and the power allocation under perfect channel state information
(CSI). The analytical solution and the impact of power splitting
(PS) on the optimal power allocation strategy are not addressed.
In addition, the influence of the PS factor on the feasible region
of transit power is rarely analyzed. In this paper, we propose
a joint power allocation and PS algorithm under perfect CSI
and imperfect CSI, respectively, for multiuser SWIPT-enabled
CRNs scenarios. The power minimization of resource allocation
problem is formulated as a multivariate nonconvex optimization
which is hard to obtain the closed-form solution. Hence, we
propose a suboptimal algorithm to alternatively optimize the
power allocation and PS coefficient under the cases of the low-
harvested energy region and the high-harvested energy region,
respectively. Moreover, a closed-form distributed power allocation
and PS expressions are derived by the Lagrangian approach.
Simulation results confirm the proposed method with good
robustness and high energy efficiency.

Index Terms—Cognitive networks, SWIPT, resource allocation,
distributed algorithm.

I. INTRODUCTION

With the increasing number of mobile terminals, energy
consumption becomes a huge problem. How to prolong the
network lifetime and reduce power consumption have at-
tracted lots of intention from both industry and academi-
a. Currently, simultaneous wireless information and power
transfer (SWIPT) is proposed for extending the life cycle
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of energy-limited communication networks by harvesting sur-
rounding radio frequency [1]-[4]. According to the policy of
the SWIPT, wireless information is divided into two kinds
of signals: energy-harvesting signal and information-decoding
signal. Specifically, the former can allow wireless terminals
to harvest the radio frequency (RF) energy so that it is a
good method to provide the sustainable power. The latter can
support information decoding for the basic quality of service
(QoS) of users. As a result, the works on SWIPT technique
have been concerned by many scholars [S]-[7].

On the other side, cognitive radio (CR) is proposed to
improve spectrum efficiency (SE) by permitting secondary
users (SUs) to access the spectrum owned by primary users
(PUs) [8]-[12]. Nevertheless, in practical communication en-
vironments, system performance may be strongly constrained
by the energy-constrained users, e.g., wireless sensor networks
(WSNs), device-to-device (D2D) networks. Therefore, apply-
ing the SWIPT technique in CR networks (CRNs) can not only
guarantee good SE but also improve the lifetime of networks
by harvesting the surrounding RF energy. As a result, SWIPT-
enabled CRNs have become an effective technique for the
next-generation communication network.

SWIPT-enabled CRNs face greater connatural challenges
than the conventional CRNs and traditional SWIPT networks
[13]. On the one hand, resource allocation (RA) problems
become more complex due to the introducing multivariate
parameters (e.g., transmit power and power splitting (PS)
ratio), which can lead to a nonconvex optimization problem.
On the other hand, the energy harvesting (EH) technique
may bring some nonlinear characteristics to the conventional
system, which cause excessive data processing and message
overhead. Thus, in the view of computational complexity, the
low-cost totally distributed RA algorithm is more significant
in SWIPT-enabled CRNs.

The RA problem has been widely investigated in SWIPT-
enabled CRNs from the aspect of power optimization, beam-
forming optimization, time splitting optimization, etc. In [14],
the joint delay balance and power allocation problem was
studied to achieve the energy efficiency (EE) maximization
of SUs for an EH CRNs with a stochastic Stackelberg game
approach. The authors in [15] investigated the joint power
control and time allocation problem to achieve the sum-rate
maximization of SUs for wireless powered CRNs, where SUs
first harvest energy in the downlink wireless power transfer
phase and then use the energy for data transmission in the
uplink wireless information transmission phase in a time-
division way. In [16], the optimal RA for the harvested energy



maximization of SUs was studied for a wideband CRN with
SWIPT. In [17], a simultaneous cooperative spectrum sensing
and EH model was proposed to improve the transmission
performance of the multichannel CRN, where the aggregate
throughput and EE were maximized by jointing optimizing
the sensing time and transmission power. In [18], the optimal
RA problem for the harvested energy maximization of PUs
was studied for wireless power transfer in CRNs by using the
support vector machine and the particle swarm optimization
technique. In [19], the bandwidth utility maximization problem
with optimal time slot allocation was formulated for achieving
the proportional fairness transmission in a cognitive wireless
powered communication network. In [20], the sum throughput
maximization of SUs was studied for a wireless powered CRN
with a non-linear EH model. The RA problem for secure
communication was studied for cooperative cognitive wireless
powered communication networks [21]. However, the above
works are studied under the assumption of perfect channel
state information (CSI).

In practical communication systems, it is difficult to ob-
tain the exact channel parameters due to the randomness
of wireless channels. Moreover, the inherent non-linearities
of practical EH hardware may cause the estimation errors.
Thus, robust RA problems are very important for practical
cognitive SWIPT networks. In [22], under the worst-case
channel uncertainty model, the robust transceiver design for
SWIPT in multiple-input-multiple-output (MIMO) underlay
CRNs was investigated to maximize the sum harvested power
at the energy harvesting receivers meanwhile guaranteeing
the required minimum mean-square-error (MMSE) at the
secondary information-decoding (ID) receiver and the inter-
ference constraints at the primary receivers. But the PS factor
optimization was not neglected. In [23], the multi-objective
optimization problem with the aim of jointly minimizing the
total transmit power and maximizing the EH efficiency was
investigated for multiple-input-single-output (MISO) CRNs
with SWIPT where the CSI of the link between the secondary
transmitter and idle secondary receiver was modeled by using
the bounded channel uncertainty set. To guarantee secure
communication and EH, in [24], the problem of robust secure
artificial noise-aided beamforming and power splitting design
was investigated for a MISO CRN with SWIPT under the
bounded CSI error model and the probabilistic CSI error.
In [25], the robust max-min fairness RA in sensing-based
wideband CRN with SWIPT was studied under the assumption
of imperfect spectrum sensing and CSI. In [26], to balance
the consumed power and the harvested power, a robust RA
problem was studied in a MISO CRN with SWIPT under
imperfect CSI.

A. Motivation and Contributions

Although in the above-mentioned literature, CSI is generally
assumed to be imperfect, the PS design is rarely involved. The
PS factor is the key metric for balancing the optimality of in-
formation transmission and the harvested energy, which needs
to be designed carefully. Moreover, the low-cost distributed
algorithm can reduce overhead among different users but is

not addressed. Furthermore, the influence of the PS factor on
the feasible region of available transmission power is rarely
analyzed, which is also important to reduce the complexity of
the algorithm by relaxing some strong constraints.

In this paper, the optimal and robust RA problem is in-
vestigated for a multiuser SWIPT-enabled cognitive ad hoc
network, where multiple pairs of SUs can use the licensed
spectrum owned by one pair of PUs in an underlay spectrum
sharing way and the PS-based protocol is used at the EH
receiver. The contributions are summarized as follows.

o A total power minimization RA problem (i.e., this ob-
jective leads to a low total interference power leakage
in general) is formulated subject to the constraint on
transmit power, harvested energy, interference tempera-
ture, user’s signal-to-interference-plus-noise ratio (SINR)
and PS coefficient. The transmit power and PS design are
Jjointly optimized to reduce the energy consumption for
prolonging the lifetime of wireless networks.

o The relationship between the user’s SINR and the har-
vested energy is analyzed to reflect the impact of PS
coefficient on the available transmit power. Under perfect
CSI, the nonconvex problem is firstly decomposed into
the problem with the low-harvested energy and the one
with the high-harvested energy, which are transformed
into the convex problem and resolved with closed-form
solutions. Under spherical channel uncertainties, the ro-
bust RA problem is converted into a convex one by using
the worst-case approach. The robust sensitivity is also
deduced.

o We further propose a distributed RA algorithm for the
ease of information exchange among different users.
Compared with centralized algorithm which requires
more dedicated computation resources and overhead dur-
ing communication, our algorithm is more suitable for
low-power and small devices such as Internet of Things
(IoTs).

B. Paper Organization

The rest of this paper is organized as follows. Section II
introduces the system model and problem formulation. Section
IIT presents the transformation process and feasible region
analysis of the system model. Section IV gives the optimal
RA with perfect CSI under low-energy level and high-energy
level. The robust RA with imperfect CSI is given in Section
V. Section VI presents the simulation results. Conclusions are
introduced in Section VII. The abbreviations used in this paper
are summarized in Table 1.

II. SYSTEM MODEL AND FORMULATION

Consider a cognitive ad hoc network with SWIPT where
each receiver has equipped the SWIPT function. There are
M SU links (e.g., Vi,m € M = {1,2,---,M}) and one
pair of PUs. There is no central control base station (BS)
and each receiver can harvest the electromagnetic energy from
the surrounding environment to prolong the lifetime of each
node. The PS-based protocol [2] is applied in this model.
Specifically, the received signal at the receiver is processed by



TABLE I
ABBREVIATIONS.
Abb. Definition
AWGN | additive white gaussian noise
BS base station
CR cognitive radio
CRN cognitive radio network
CSI channel state information
D2D device-to-device
EE energy efficiency
EH energy harvesting
D information-decoding
IoTs Internet of Things
KKT Karush-Kuhn-Tucker
MIMO multiple-input-multiple-output
MISO multiple-input-single-output
MMSE | minimum mean-square-error
PU primary user
PU-Rx PU receiver
PU-Tx PU transmitter
PS power splitting
QoS quality of service
RA resource allocation
RF radio frequency
SE spectrum efficiency
SU secondary user
SU-Tx SU transmitter
SU-Rx SU receiver
SINR signal-to-interference-plus-noise ratio
SWIPT | simultaneous wireless information and power transfer
WSN wireless sensor network

a power splitter: a portion of the received power is split for EH
and the other energy is split for ID [27]. That is to say that the
receiver can achieve EH and information processing simulta-
neously. The considered model can be envisioned in the fifth
generation communication networks, such as D2D network,
wireless sensor networks, where energy-limited devices exist
in the communication scenario. We assume that all SUs can
share the same spectrum with PUs and each user has a single
antenna. The SUs can estimates the channel gain from SU
transmitter (SU-Tx) to each PU receiver (PU-Rx) by listening
to the feedback signals from the PU-Rx and broadcast the
channel information to the other SUs for transmission power
control [28], [29]. The symbol definition used in the paper is
summarized in Table II.

Since the sampled additive white gaussian noise (AWGN)
of RF band to the baseband signal conversion is much smaller
than the sum interference power from PUs and SUs, therefore,
the noise from energy harvesting can be assumed to be zero
[25], [30]. The interference from the PU transmitter (PU-Tx)
to each SU receiver (SU-Rx) is assumed to be included in the
noise [13]. Based on these assumptions, the received SINR at
the m-th SU-Rx can be expressed as

= — L= PP (M

M
(1= pm) 2 Pilijm + om
i#m

Based on the linear energy harvesting model [31], the power
of the received signal for the energy harvesting at the SU-Rx

TABLE II
SYSTEM PARAMETERS.

Symbol | Definition

Pm transmit power of the m-th SU-Tx

Im channel gain from the m-th SU-Tx to the PU-Rx
i the maximum transmit power threshold of SU m
Ith the maximum interference level of the PU-Rx

Pm the PS ratio at the m-th SU-Rx

hm,m direct channel gain of the m-th pair of SUs

Om the sum of noise and PU’s interference

him channel gain from the ¢-th SU-Tx to the m-th SU-Rx
0 energy conversion efficiency of energy harvester
Ym the received SINR at the m-th SU-Rx

min the minimum SINR requirement at the m-th SU-Rx
B the minimum required harvested energy of SU m

of link m can be expressed as
M

B =0Y pmpiliim. )
i=1

To maintain the lifetime of secondary network, the consid-
ered RA problem with total power minimization is

M
min P
{pwu/)m},rnzzl "
M
s.t.Cy Z PmGm < I,
mel 3)
Co:Vm 2™
Cs: B, > E™™",
Cy: Pm < P:Zaxa
05 :0< Pm < 1,

where C; and Cs can satisty the QoS guarantee of the PU
and each SU, respectively. C'3 denotes the minimum harvested
energy requirement for maintaining the lifetime of each SU.
C} is constrained by the battery capacity.

Since there is no channel uncertainty in problem (3), it is a
nominal optimization problem (i.e., non-robust problem) under
perfect CSI [?], [32]. In general, problem (3) is nonconvex due
to the coupled variables p,,, pym, Vm in Cy and C5. Thus it is
difficult to directly obtain the closed-form solutions. We have
the following Lemma 1.

Lemma 1: If the harvested energy threshold satisfies
Emin < 9””&%””, the SINR constraint can be simplified as

PmPomm > % Otherwise, it can be simplified the linear
. m ,an'in p Ern'in
constraint pp,himm > 7 JV‘mm(lj;’m + 7 ). The above

discussions can be summarized as follows

min

_ Im Om  pmin < 9Pmym " om
pmhm,m 2 Hm = 1_pm ? m . 1_pm ’ (4)
H,,, otherwise,
o ,Y:yrl,in O E;rlin . .
where H,, = 7 +~y;:;i"(1—pm +3 . ). The proof is provided

in Appendix A.
Additionally, when 0 < p,,, < 0.5, £z

, 22— < 1 holds. We
Pm



can simplify (4) as

’Ym Tm Emzn < H,Ymm
1—pm

Pmhmm > Hp =
e " H,, otherwzse.

")

Remark I: when p,, < 0.5 holds, it means that the EH
efficiency is lower than that of the ID for data transmission.
The system mainly focuses on information transmission. Oth-
erwise, the system tends to harvest more energy to store for
supporting the long-time operation or uplink transmission. As
a result, compared with Cs, the Eq. (4) is decoupled with
respect to the transmit power p,,, which is easier for optimal
power design.

Based on (3) and (4), we have the following equivalent
optimization problem

M
min Dm
{p'rmp"ﬂ} 7nZ:1 (6)

s.t.C,C35,C4,Cs,
02 : pmhm,'m > Hm-

III. TRANSFORMATION AND FEASIBILITY ANALYSIS

Though easier compared with its original form in (3),
problem (6) is still difficult to solve due to the coupled
variables p,,, pm,. If we want to simplify the solution process
and reduce the complexity of power allocation, it is better to
combine the constraints Cy and Cs5 into one constraint, which
is helpful to obtain the analytical solution of power allocation
and the PS coefficient.

A. Transformation of System Model

. min
Case I: When E™in < %PmYm "om
_m = 1—pm 7
each SU (e.g., () can be rewritten as

the SINR constraint of

mzn

Prfimm 2 2 )
- pm
According to (2), the constraint C'3 can be rewritten as
min
pmhnL,m Z HL - Zm7 (8)
Pm

M |
> pihim > 0. According to EM™ <
i#Em

, we have the following relationship

where 7, =

min
Opm Ym  Tm

1=pm
1 _ BT 0pmym " om 1
f — Op _ZmS 1— X9 _Zm
minl Pm Pm Pm (9)
=12 — T
Therefore,
mzn mln
v gt
max fl = Im Im 7 < Im Tm (10)
1—pm 1—pm

Combining (7), (8) with (10), we only have one constraint
(7). The problem (6) becomes the following problem with the

TABLE III
FEASIBLE REGION ANALYSIS.

Cases Case 1 (low energy level) Case 2 (high energy level)
min 9memm Im min mazx
2 m z
Egpin | o, 2emim (67777 0, Mpa*]
'Vm pmaz Emln*QPmZm pma
(1 P”rn)hm m e ’ hom,mOpm > Em ’
Pm M
meélth S pm < Ith
m=1 m=1
) g mmen | | o5 — Em
m ERin 40y 0 Pmbhm,m BRI A0y o

low-harvested energy requirement

min 5 p
{Pm,pm} m=1
min

S.t.Cl,C4,05,
é .pmhm m Z ,Yin_ipm7

man

C Errnn < 0pmYm ' " Om
1—pm °

(P1)

Y

Case 2: When EMn > %ﬁmgm, the SINR constraint of
each SU (e.g., C) becomes

Pmbhm,m = Hp (12)

Since the harvested energy threshold E™ is a bounded
value, thus we have

9977L7$in07rL
1- Pm
Ignore the impact of PU and consider an ideal case, the
maximum harvesting energy is E** = Mp*® according
to (2).
Lemma 2: Under EM" > 9””“17#,
ing relationship

< Emin < prmes, (13)

we have the follow-

- —Z.>H,

9pm
The proof is given in Appendix B. -
Thus, the EH constraint C3 and the SINR constraint Cy
can be integrated into the EH constraint, which means the
SINR constraint of each FU Cy can be replaced by py, Ay m >

(14)

Emin .
91;)17n — Zp,. Since E,;, = 0p, (pmhm m+ Zm) = E:;?m and
Emm M, we have E,, > % And the

Pm
optlmlzatlon problem (7) becomes the following problem with
the high-harvested energy requirement

M
min Y. pm
pmvl)m} m=1
S.t.Cl, C47 057

_ Opmn ™"
: > —mm
Ce: B, > -

(P2)
5)

B. Feasible Region Analysis

Case 1: feasible region analysis of (P1). From the con-
straint Cr and Cg, it is easy to obtain the available PS ratio

B — < 1. B on th nstrain
1+9mm0m/,5mm /fnm < ased e constraint Cs,

we have p,, <1 — Im Since 2 7m
mo— anhnL : Pmhm

> 0, there must



be (1 — Zm—2=) < 1. There, the PS ratio need to satisfy
the interval W < pm < % Based on the
constraint C, we can derive the low bound of transmit power

min
min __ Ym  Om

P = T Thus, combining with Cy for any user
m, the transmit power should be satisfied from the interval

nun

# < pm < pe®. Moreover, since p,, < 'Y;” o
m mem ,YVYL l’n. ,YVYL l’n. ’YIYI l’V'L‘7 " m
and p,, > A—"— we have = m_—  Thus we

(I=pm)hm> (I—pm)hm —  pmhm
have p,, < 0.5. If any fading channel gain satisfies g,, < 1
M M

[33], we have Y. pimgm < . pm < TP

=1 =1

Case 2: feasible region an%llysis of (P2). Similarly, accord-
ing to the constraint C's and Cj, the PS ratio is determined by
the interval 0.5 S p’m S W Since 0.5 S Pms

T f?; > 1. And we have the relationship

Eﬂ}m G*ymmom Based on (13), we have the worst-case

energy harvesting threshold 6y™"g,, < EMin < Mpmax,
Additionally, based on the analysis above (15), we have
the low bound of transmit power pm" = W.
Combining with C4, we have the range of transmit power

min _ M
B " OpmZn oy pmeT and Z pm < I'". The analysis

thus we have

hom,m€pm
result is summarized in Table III

IV. OPTIMAL RA WITH PERFECT CSI

Although the objective is a linear combination which is
convex [34], the problems (P1) and (P2) are difficult to obtain
the globally optimal solutions due to the coupled variables
Pm, Pm- In this section, we propose the suboptimal solutions
by decomposing them into two subproblems under the fixed PS
coefficient and the optimal transmit power, which is commonly
used to the scenarios of the multi-objective optimization [24],
[25], [35].

A. Optimal RA under Low-Energy Level

1) Power Allocation with the Fixed PS Ratio:
fixed PS coefficient, (P1) can be reformulated as

Under the

(16)
< Lt=pm

— Amin :
’Ym Om

. pmhm,m
It is a convex optimization problem due to the linear con-
straints [35]. Thus, in order to obtain the closed-form solu-
tions, the Lagrangian dual decomposition method can be used
to solve this problem. The Lagrangian function of the problem
(16) can be rewritten by

LP ({pm}, A A Bm }s {am}) = Z Pm

M M
A pngm =™+ B — i) (A7)
m=1 m=1
M
1 1- Pm
+ Qo — - ,
Z (pmhm,m ’nglno'm)

where A > 0, 8,, > 0, and «,;, > 0 are the Lagrange multipli-
ers corresponding to the power constraints. The function (17)
can be rewritten as

Z LY, ({pm}s A B} {am })

1—pm
Z m,-ymzno- ’
m

Lr ({pm}7 A, {Bm}v {am}) =

Ith Z ﬁmpmazc

(18)
where
Qo
Ly, ({pm b A B }s {am}) = pm+>\pm9m+ﬂmpm+h7~
(19)
The dual problem is
max D (A A{Bmn}, {am
Ay B, Qm ( { } { }) (20)

5. A>0,8m > 0,a, >0,

where the dual function is

D (AN ABm} {am}) = r;lin L? ({pm}, A {Bm }s {am}) -
: 1)
From (20) and (21), it is clear to know that the dual problem
is decomposed into two layers. The inner layer optimization
problem is to obtain the optimal power allocation p,,. Then
the outer layer problem is to solve the dual variables (or called
Lagrange multipliers).

According to (19), the Lagrangian dual function can be
decomposed into M subproblems for each user. According to
the Karush-Kuhn-Tucker (KKT) conditions, the optimal power

. . OLP () _ .
allocation is calculated by # =0, i.e.,

Qm

Pm = \/hm,mu N + Bn)

(22)

Additionally, the outer layer optimization problem can be
solved by the subgradient method, the Lagrange multipliers
can be updated as

At +1) = [At) + &t Z Pmgm — I™)]F,  (23)
B (t+1) = B (t) + &(t) X (pm — P2, (24
_ 1 1- Pm
am(t+1) = [am(t) + & () x (pmhm - nggm)]ﬂ (25)

where [z]* = max(0, z). t is the iteration index. & (t), &2(1),
and £3(t) are positive step sizes at iteration ¢. From (22)-(25),
it is a distributed power allocation algorithm based on local
information.

2) PS Design with the Fixed Transmit Power: Under the
optimal power p,,,, (P1) can be reformulated as the following



PS optimization problem (i.e., convex problem), i.e.,

(P1.2) mln Z D
5.t.05,Co: pn <1+ M (26)
pm m
~ 1 o,ymzn
Cp: — <14 m "m
N
Since W > 0, the problem (26) can be rewritten as
M
min m
P mZ::L p 27
S.t.C5, C@.

Therefore, the Lagrangian function of the problem (27) is

M M
= me+ Z)‘grf(/}m_l)

m=1 m=1

M 1 e,ymino./

ps (= (1 m__ m

(-0

M

Z Ly Qom b AN 1 ABR Y —

M o,ymML
_ ps 1 T im ¥m

L2 ({pm 3 AN 1 ABE D)

(28)

where A\2? > 0 and 2° > 0 are the Lagrange multipliers.

L5 ({pm} AN B Y) = Abspm + Bhy 2. Similarly, we
have the closed-form PS coefficient, i.e.,

P =/ B [ A

Obviously, it is also a distributed PS algorithm based on the
local information. The Lagrange multipliers in (29) can be
updated by the same approach.

(29)

B. Optimal RA under High-energy Level

1) Power Allocation with the Fixed PS Ratio: Under the
fixed PS coefficient, (P2) can be reformulated as

(P2.1) mm Z Pm
s.t.C’l, 04, (30)
~ 1 1- Pm
06 : =~ -
DPmbim,m VG, — (1 = pm)Zm

Since (30) is a convex problem with the variable p,,, it can
be solved by the same approach mentioned above.

Therefore, the optimal power is

\ ap,
Pm = hm,m(1+/\}L9m +/37}7L'7,)

€2y

And the Lagrange multipliers are updated by

>‘h (t + 1) [ + gﬁ Z Pmdm — Ith ) (32)
zz(t + 1) [ m( ) =+ 67( ) (pm p:zam)rra (33)

h _ h 1
ot =fhO+a0x (o

_ I e
7;{2%"‘07717(17p,n)Zm

)|
where &g(t), &7 (t), and Eg(t) are positive step sizes.
2) PS Design with the Fixed Transmit Power: Under the

optimal power p,,, (P2) can be reformulated as the following
PS optimization problem (i.e., convex problem), i.e.,

(P2.2) HllIl Z Pm
m=1 (35)
S.t.C5, C@,

Based on the Lagrange dual approach, (35) can be efficiently
solved. Similarly, we have the closed-form PS coefficient, i.e.,

P = max(0, 1 — \/ BB /AB2), (36)
where
Neps(t 1) = [MBPS(8) + &o(t) % (pm — 1)] T, G7)

m'tm,m m
e
T=pm  Amiom ’
(38)

where &o(t) and &1 (t) are positive step sizes. Thus an iterative
algorithm (Algorithm 1) is designed to obtain the optimal
power allocation and PS ratio.

Remark 2: In the considered SWIPT-enabled cognitive ad
hoc networks, there is no central BS for scheduling the overall
messages. Based on the broadcast channel gain g,, (which is
obtained by listening to the feeback signals from the PU-Rx
[28]) and the estimated interference power at each SU-RX, the
algorithm can be achieved by a distributed way from (22),
(29), (31) and (36). Specifically, algorithm 1 is a distributed
RA algorithm which can reduce the computational burden of
mobile devices and save energy. Moreover, it can reduce the
overhead of message passing among all SUs. Specifically,
firstly, according to (22), (29), (31), and (36), the utility
function of each SU (Vm) only depends on that user’s primal
variables. Secondly, the Lagrange multipliers can be divided
into the local variables for each SU (e.g., B, um)-

Bhps (t 4 1) = [BhPs(t) + &1o(t) x

V. ROBUST RA WITH IMPERFECT CSI

Due to the nature of the random channel and estimation
errors in the radio environment, we cannot ignore the impact
of channel uncertainties in the design of RA algorithms [32].

A. Uncertainty Model

Since there is one pair of PU in the system, assume the
effect of interference uncertainty from the PBS to SU-Rx
is small. Therefore, the PU’s interference can be exactly
obtained. The interference uncertainty of PU is not discussed
in this part. Moreover, the interference to the PU-Rx and the



Algorithm 1 An Iterative Distributed Power Allocation and
PS Algorithm.

1: Initialize the maximum iteration number 7., the maxi-
mum tolerance (, the number of users M and set iteration
number ¢ = 0. Initialize all parameters: g,,, R m, I th
,ygin’ Er'rrrlwn’ 9’ pmaz;

2: Initialize p,,, pm,Vm with a equal power allocation
and PS factor. Initialize Lagrange multipliers ¢(0)
@(0) = [A0); Bm(0); am(0); N(0); B, (0); e, (0)]T)
and step sizes & (1) (¢ = {1,2,---,10}).

3. while t < T4, and ||(t+ 1) — @(t)|]2 > ¢ do

4 form=1to M do i

5; Calculate E,,, = Gp’”l'y+/;ma’”.

6: if Emi" < E,, then

7: 1) At SU-Rx: Measure SINR, estimate A, ,, and
calculate Z,,, by message passing and parameter
estimation;

8: 2) Update 53, and «,,, by (24) and (25) with local
information;

9: 3) Calculate power splitting factor p,, by (29);

10: 4) Feed back the SINR, hy, p, pm and B, to the
m-th SU-Tx.

11: 5) At SU-Tx: Receive the PS ratio p,,, the La-
grange multiplier 3,,, and estimate the interference
channel gain g,,;

12: 6) Update A and p,, according to (23) and (22);

13: 7) Broadcast p,, and g,,.

14: else

15: (1) At SU-Rx: Measure SINR, estimate A, ,,, and
calculate Z,, by message passing and parameter
estimation;

16: (2) Update 3" and ol by (33) and (34) with the
local information;

17: (3) Calculate power splitting factor p,, by (36);
18: (4) Feed back the information SINR, %, pm, pom
and B to the SU-Tx of the same link.

19: (5) At SU-Tx: Receive py,, ﬁ,’}l and estimate g,,;
20: (6) Update A and p,, according to (32) and (31);
21: (7) Broadcast p,, and g,,.

22: end if

23:  end for
24:  Sett=1t+1.
25: end while

basic SINR of each SU will receive serious impact from the
multiple access interference and effective signal of SUs. The
reason is that the number of SUs often is much larger than
that of PUs. As a result, the uncertainties of channel gains can
be described as

{ hi,m = hi,m + Ahi,mv (39)

This is additive uncertainty error model [36]. Ah; ,,, and Ag,,
are the channel estimation errors which are uncertain terms.
/_u,m and g,, are the estimated channel gains which usually are
known values for SUs. Therefore, we only need to consider
the uncertain terms and design the robust algorithm according

to the uncertainty sets of Ah; ,,, and Ag,.

Since the statistical distribution function of channel estima-
tion errors are usually difficult to obtain [37], thus we model
the uncertain parameters as the bounded channel uncertainty
sets. Based on the spherical uncertainty formulation [38],
channel uncertainties can be modeled by

Ry=A{glllg—gl <7},
Riv = {Pn [[|hn = honl| < win }

(40)
(41)

where R, and Rj; denote the uncertainty sets. 7 >
0 and w,, > 0 are the upper bounds of chan-
nel uncertainties of SU-to-PU links and SU-to-SU links,
respectively. § = [G1,92,---,9m)",Ym and h,, =
[El,ma BQ,ma te 7BAI,771]TaVi 7é m.

Remark 3: Obviously, the uncertainty set (40) can be also

M
reformulated as > Ag2, < 72. Similarly, the constraint (41)
=1
Y
is equivalent to Y. AR?,
i=1,i#m ’
communication system design, the constraint (40) is used to

limit the upper bound of the sum variance of channel uncer-
tainties of SU-to-PU links (Ag,,). This worst-case approach
can bring a benefit, namely, the designed transmit power do not
need to dynamically adjust according to the random channel
uncertainty Ag,,,, Vm only if all uncertainties do not extend the
uncertainty set formulated in (40). This method is superior to
the multiplicative uncertainty approach (e.g., gm = Gm +€Gm)
[39], which requires to adjust the transmit power according
to the time-varying uncertainty part. Under this case, it costs
more energy and computational resource to update the optimal
power.

< w?,. From the aspect of

B. Transformation of Robust Constraint

Based on the worst-case approach and the Cauchy-
Buniakowsky-Schwarz inequality [38], the interference tem-
perature constraint C; with channel uncertainties can be
reformulated as

M M M M
ma% Z PmGm S Z pm,gnz + Z pgn Z Ag%b
gmERg m=1 m=1 m=1 m=1

(42)
M M
< D0 PmGm + D PmT
m=1 m=1
M
= polGm + 1) < I
m=1
Similarly, the worst-case SINR of each SU is given by
. > min
Ahgl:leth Fm = T
(1—p7n) min (anhnL,nL) )
<:> Ahm,:; 2 ,_ygLun (43)
(I=pm) max (30 pihim)+om
Yi,m iFEm

Since the channel gain h,, ,,, can be well estimated by the
corresponding SU-RX, therefore the estimation error is very
small [41], where the estimated channel gain Bmﬂ,, can be
fed back to the SU-Tx by the feeback channel. Based on the
same approach used in (42). The SINR constraint with the



consideration of uncertainty is given by

(1 - Pm)pmhm,m > ,ymin.

m

(44)
(]-_pm) ; pz( 2m+wm)+0m

Based on the same approach in Section IV, the analytical
solutions of robust RA algorithm under the lower-energy level
are

a'f‘
Tk _ m 45
P \/hm,m(l—l—/ﬁfn—i—)@(gm—&-ﬂ)’ @
P = max (0, \/ 5 JADS), (46)

where the Lagrange multipliers o, 37, A", Biﬂf and 5\1;,;9 can
be updated by the same approach.

Remark 4: Since the PS subproblem under the low-energy
level is without relationship with uncertainties and transmit
power so that the value is the same as the non-robust case,
ie., pi* = pr.. And the robust power allocation under this
case is only affected by the channel uncertainties of the SU-
to-PU links. Therefore, it can overcome any uncertainties of
SU’s links. Moreover, based on the same method, we can get
the robust RA solutions for the high-energy level. Meanwhile,
the optimal solutions are not affected by the minimum EH
threshold.

C. Robust Sensitivity Analysis

In order to determine the impact of uncertain parameters
on the whole system performance, the performance gap of the
non-robust RA problem (3) and the robust RA problem with
the constraints of (42) and (44) is analyzed under the cases of
low-energy level and high-energy level.

1) Case I-low energy level: : From the subproblem (16),
it is obvious that only two parameters may be uncertain, such
as the channel gain between SUs and PUs (e.g., g,,,) and the
direct channel gain between the SU-Tx and the corresponding
SU-Rx (e.g., hm,m). Combining the model (16) with (42), we
can construct the following function

M
F'robuat é mln { Z P + A" Z P gm + 7_) Ith)

(47)

m=1 m=1

M
+ > B
m=1
When the uncertain parameter is very small, the optimal power
allocation and Lagrange multipliers can be assumed to be the
same values (e.g., A" =~ \). Assume the optimal power and
Lagrange multiplier are p)>* and A™*. Since the non-robust
RA algorithm assumes the estimated channel gain is equal to
the true value, namely, g,, = ¢, based on the sensitivity
principle [40], (47) can be approximated as
A M
Frobust 2 Fnon—robust + ATF Z p;lb*,]_

m=1

(48)

1- m
maI +Z <mmm’y$z"po‘m>}

The performance gap is

Grow = A" Z T (49)
Since the parameters in (49) are non-negative, we can obtain
an important result, namely, the total power consumption under
the robust RA algorithm is bigger than that of the non-
robust algorithm. In other words, the robust RA algorithm
can overcome the outage probability in cost of more power
consumption. From (26), it is clear that the PS coefficient
cannot be directly influenced by the uncertainties due to no
uncertainty in the system model (26). Moreover, when the
upper bound of channel estimation error becomes bigger, the
gap becomes larger.

2) Case 2-high energy level: : From the subproblem (30),
based on the same idea, we can construct the following
function

robust A : 4 < = th
J =minqg Y pm + A (D pinlGm +7) = I™)

Pm m=1 m=1
M M ng (1—pm) 2
+ Z 5;;74(1) pmaa: + Ol (V,,L nin —Pm)Lm
m=1 m=1

(50)
Define the optimal solutions as p>*, pi»* and the optimal
Lagrange multipliers as A™* and «];*. (50) can be rewritten
as

M M
J?"obust é {min Z DPrm + A\ ( E pmgm _ Ith)

Pm m=1 m=1
M
+ 2 Bn(pm
m=1

M
-t = 2

m=1

(1= pm)

M _
M (I=pm) 32 pihim

O'm Z i#m
m=1

Pmbm,m Pmbhm,m

A TIm  Tm 'Ym (5 1 )

+Z

M
M a:n(l_prn)( Z pi‘*‘hn)

Z _ i#m

— Pm h7n,7n
m=1

M
+>‘T Z PmT —

m=1

And the performance gap is

M M
T,% T,k a w :‘T/L*)
G =3 3 = (307 3 Sall )
m=1 z;ém m=1 m’m

(52)
From (52), it is difficult to directly determine whether the gap
Ghign 18 greater than zero or not. Based on (44), we have the
following relationship

M %
(L—pi") 2 o
P P

m 1 — ph*
4 Im 17 Pm (53

Ty * min
P Bomm Tm

Since the background noise o, is much smaller than the mu-
tual interference of users (e.g., Z p;’") in practical systems,

the second item of (53) can be 1gn0red Under the high energy
level, the optimal PS factor must satisfy p;»* > 0.5 according
to the feasible region analysis in Section III. Thus, combining



(52) with (53), we have

Ym

M
Tk Tk Tk _ Wm
> {/\ Py T~ g 27}
m=1 m

M wm (1 )
Ghigh > Y {AT**pI;L*T—aZ’@*i"‘ i }
m=1 (54)

When the relationship p/;* > % holds, Gpign > 0,
otherwise Gpign < O. Addltlonafly, since the upper bound
of the channel estimation error of link m is very small by

comparing with 272;””, (54) can be simplified as Gpign >
M
ST AT*ph*r > 0. If we do not know the parameter infor-

ﬁllgtlion in (54), the value of Gjiq, can be determined by the
orthogonality of constraint [34].

According to the orthogonality of the optimal value and the
constraint [34], we have

(Zp (Gm +7) I”L)—o (55)

0050 — (1= pu) 1
a:;l*x(pmvm = (1= pm) - ) 0 (56)
— P

P hom,m
interference

Case I: when the robust constraint

Z o < I*" holds and the robust SINR constraint

takes the equal sign, the optimal Lagrange multipliers are
A" = 0 and og;F > 0. Thus Ghigr, < 0 holds, the total
power consumption under the robust RA scheme is smaller
than that of the non-robust scheme.

Case 2: when the robust constraint

Z pr*(Gm + 7) = I™" and the robust SINR constraint

holds (e Ym (Pl wm) > ™™, the optimal Lagrange
multipliers are A™* > 0 and «;,;* = 0. Thus Gp;4p > 0 holds,
the total power consumption under the robust RA scheme is
bigger than that of the non-robust scheme.

Case 3: when both the robust interference constraint (55)
and the robust SINR constraint (56) take the equal sign, the
optimal Lagrange multipliers are A"™* > 0 and «];* > 0. The
value of G;gn can not be determined by this method and the
above approach can be used in this case.

MCase 4: when the robust interference
> P Gn + 1) <

m=1

constraint holds (e.g., Ym (Pl wm) > M), the optimal
Lagrange multipliers are A™* = 0 and o], = 0. The total
power consumption of the robust RA algorithm and the
non-robust algorithm is the same since the optimal power is

py, = pie® which is a channel independent parameter.

(Gm +7) <

interference

constraint
It" holds and the robust SINR

VI. SIMULATION RESULTS

In this section, the performance of the proposed RA
schemes is evaluated by the simulation results. To verify
the effectiveness of our algorithm, the following results are
provided by comparing with the existing algorithms. All
simulation results are executed by using Matlab 2016a. The
CPU is Intel Core i7-6500U, the frequency is 2.59 GHz.
The optimal and robust RA algorithm are defined as ‘Our
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Fig. 1. The Converge of the proposed algorithm.

non-robust scheme with SWIPT’ and ‘Our robust scheme
with SWIPT’. The robust algorithm without SWIPT in [41]
is defined as ‘Robust scheme without SWIPT’. The optimal
RA algorithm with SWIPT is defined as ‘Non-robust without
SWIPT’ [42]. The maximum transmit power of each SU is
pma® = 1 mW. The background noise is 0,,, = 1078 mW. The
interference power threshold of PU is I*" = 1 x 1075 mW.
The values of estimated channel gains are randomly generated
from the interval (0,1) and the channel uncertainty is bounded
by [0,0.2] [33]. The energy conversion efficiency is 6 = 1
according to [24].

A. Performance Evaluation

Fig. 1 shows the coverage performance of our algorithm.
Assume there are two SUs (M = 2), and the channel gain
of SUI is better than that of SU2. The SINR threshold is
ymin — 2 dB. According to Fig. 1, we can easily find that
the transmission power and PS ratios of all SUs can quickly
achieve the optimal values under 20 iterations. The power
consumption of SUI is obviously lower than that of SU2.
The reason is that under the same QoS requirement, the user
with good channel gain can consume less power to meet the
performance need and save energy. Furthermore, the PS ratio
of SU2 is higher than that of SUI. Since the higher PS means
more information required at the receiver so that SU2 requires
more transmit power to ensure the basic SINR.

Fig. 2 presents the sum transmit power of SUs versus the
minimum harvested energy threshold under different SINR
threshold. It shows the total power consumption becomes big-
ger under the increasing £ for different SINR requirements
ymin_- Additionally, the higher SINR threshold is, the bigger
sum power consumption will be. Since SUs try their best to
improve the power to ensure the normal communication of all
links. With the increasing SINR requirement, each SU will
adjust its power to satisfy the basic SINR.

Fig. 3 gives the power splitting versus the minimum har-
vested energy threshold under different SINR thresholds. It is
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clear that the power splitting ratio of each decreases with the
increasing minimum harvested energy requirement E™" and
the increasing SINR ™" because the increasing harvested
energy means storing more energy so that the minimum
required transmit power becomes bigger. Furthermore, in order
to achieve total power minimization, the decreasing power
splitting ratios can further reduce power consumption.

Fig. 4 shows the total power consumption versus the QoS
threshold of SU under different interference temperature lev-
els. The minimum harvested energy is E7" = 0.2. From
the figure, we know that the sum transmit power of SUs
increases with the increasing SINR threshold. Moreover, the
total transmission power of the secondary system under the
bigger I*" is higher than that under the small one. Because
the bigger interference temperature level extends the upper
bound of transmit power so that it can improve the transmit
power of SUs and rebuild the communication link of SUs with
bad channel environments. Additionally, it also increases the
opportunity of user’s access.

Fig. 5 presents the sum transmit power of SUs versus the
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Fig. 5. Sum transmit power of SUs versus the number of SUs.

number of SUs under different PU’s interference. Apparently,
the total transmission power of SUs becomes bigger with the
increasing number of SUs. Since more SUs access the network
and share spectrum resource with others, therefore, the total
power consumption of the network becomes bigger. Addition-
ally, the gap of total transmit power under the big number of
SUs is much bigger than that under the small number of SUs.
Because more SUs will increase more mutual interference
among SUs so that each SU tries to improve its transmit power
for overcoming the effect of harmful interference. Moreover,
the interference from PU will become very large due to the
introduced interference over each SU’s link.

B. Algorithm Comparison

According to the definition of EE (e.g., bits/])
in [43] (e, sum data rate over sum power
consumption), we define the following EE, n*wirt =

M M M
leog2(1+7m(pmapm))/( lem+Pc_ >, Ep) and

m=1
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swipt M M
ithout = 22 1085(14Ym(pm))/( Y- pm + P.). And P,

is a constantmv;hlich denotes the circuiTtnEcl)wer consumption.

Fig. 6 shows the EE of SUs versus the direct channel gain. It
is observed that the total EE becomes bigger with the increas-
ing channel gain between SU-Tx and SU-Rx. This is due to the
fact that a bigger channel gain results in more transmit power
to keep the basic SINR requirement. Besides, Our schemes
with SWIPT have a good performance than other algorithms.
The reason is that the harvested energy can compensate for the
energy requirement of the system. Moreover, with the bigger
7 (e.g., the upper bound of uncertainty), the total EE decreases
to give better protection to the PU.

In Fig. 7, we study the robustness of (e.g., user’s out-
age probability) algorithms under channel uncertainties. The
outage probability of SU can be defined as Pr(out) =
max{0, (Y7 — 7,,)/y™"}. From the figure, it is clear that
the actual outage probability of SU improves a lot with the
big uncertainty. But our proposed algorithms can overcome the
effect of uncertainty and have a small outage probability. The
non-robust algorithm without SWIPT has the biggest outage

probability. The reason is that the type of algorithm does not
consider the uncertainty in the design of the RA algorithm
ahead of time. With the increasing of uncertainty Ah,, ,,, the
outage probability of SUs cannot increase indefinitely since the
available transmission power of SU is constrained by both the
maximum transmission power and the interference temperature
level.

VII. CONCLUSIONS

In this paper, we have proposed a RA strategy to solve the
total power minimization problem in SWIPT-enabled cognitive
networks under perfect CSI and imperfect CSI, respectively, in
a distributed way. In particular, we have formulated the joint
power allocation and PS problems for the secondary links as
the optimization problems with the QoS constraints of SUs and
the interference power constraint of PU. Also, imperfect CSI
is considered in the analysis and robust algorithm design. The
optimal solutions are obtained under the low-harvested energy
requirement and the high-harvested energy requirement, re-
spectively. Based on the bounded channel uncertainties and the
worst-case principle, the robust RA problem is also analyzed.
Simulation results demonstrated that the proposed algorithm
has good convergence performance, EE, and the robustness
by comparing with the existing algorithms. Our RA strategy
can be used in low-power networks (e.g., IoT, wireless sensor
networks or D2D networks) for prolonging the lifetime and
saving energy consumption. Moreover, our work can also be
extended to the scenarios of EE maximization and the non-
linear EH model.

APPENDIX A
PROOF OF (4)

M
Define Z,, = Y pihi m. the constraint Cy can be rewritten
as m 4 s
Pmlumm = V" Zm + Y (57)
1- Pm
The Eq. (57) can be reformulated as
mhm m m
bmmm _ _Tm_ > 7, (58)
Y L= pm
Since Z,,, > 0, we have
pmh'm,m Z M (59)
1—pm
At the same time, the constraint C's can be rewritten as
Emin
0pm
Based on (57)+7y™"x (60), we have
Pmhmm = Hp, (61)
_ Om En
where Hy, = T+ypmin ( I=pm ' Opm
According to (59) and (61), we have
Pmhmm = Hum, (62)



where H,, = max (Hm, L) Therefore,

According to the definition of SINR, we have

1—-p,
H, - 2mom o om | En™  ymom = 71
m = -
L=pm 14+ypmil = Pm Opm L= pm Obviously, the above equation holds for each user Vm.
’ng (E;rrrlzzn(l ) epm,ymzn Om ) Therefore,
— B min
L+Amm 0pm (1 = pm) L Zy > Hy, (72)
<0, B < (Bpmii ™ om) /(1= pm), Oom
0, otherwise. The proof is completed.
(63)
According to (62) and (63), we have REFERENCES
_ Yo" Om Emm < w’ [1] Z. Na, J. Lv, F. Jiang, M. Xiong, and N. Zhao, “Joint subcarrier
pmhm,m > Hy = 1=pm 1=pm (64) and subsymbol allocation-based simultaneous wireless information and

H,,, otherwzse.

The proof is completed.

APPENDIX B
PROOF OF (14)

We use the counter-evidence approach to proof the equation.
As a result, we have

EmZTL
- —Z. > H,
Opm
1 Emzn ,szn Om
S — " >z o+ 7 (65
Ly Opm L+ 1= pp )
E"LZTL o
= 1 min Z min m .
?pm > (L4+vm") Zm + i T
According to C's, we have
Zm - —— - pmhm,m (66)
Opm
Combining (65) with (66), we have
i min E;;nzn min Om
Hme > (1+’Ym )( 6‘plm pmhm m)"”ym 17 (67)
Based on (67), we have
(1 + mzn) h mzn mln + mzn O-m (68)
Y Pmhm,m 2 Ym Hpm Ym 1= o’
Since ngjﬂ‘" < Zm + Pmbhm,m holds, we assume that the

low bound of left side is bigger than the upper bound of right
side in (68) under the worst case. Thus we have

a.
(1 +7mm)pmhm m = ’szn (Zm + pmhm,m) + sznﬁ
m
(69)
According to C'5, we have
Dl > Y Z gy - i T
1- Pm
o pmhm m_s ,ymzn
Zm + 1 pm
((11 - pm)gmhm,m > ymin (70)
- pm) m + Om
PN (1 - p;;)pmhm,’m > 'Y%WL
(1 - pm) Z pihi,m +om
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