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Abstract

This paper investigates the energy efficiency of energy harvesting (EH) bidirectional
cooperative sensor networks, in which the considered system model enables the uplink
information transmission from the sensor (SN) to access point (AP) and the energy supply for
the amplify-and-forward (AF) relay and SN using power-splitting (PS) or time-switching (TS)
protocol. Considering the minimum EH activation constraint and quality of service (QoS)
requirement, energy efficiency is maximized by jointly optimizing the resource division ratio
and transmission power. To cope with the non-convexity of the optimizations, we propose the
low complexity iterative algorithm based on fractional programming and alternative search
method (FAS). The key idea of the proposed algorithm first transforms the objective function
into the parameterized polynomial subtractive form. Then we decompose the optimization into
two convex sub-problems, which can be solved by conventional convex programming.
Simulation results validate that the proposed schemes have better output performance and the
iterative algorithm has a fast convergence rate.
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1. Introduction

Due to the limited transmission range of wireless sensor networks, cooperative technologies

can be used to expend coverage and achieve higher spatial diversity, in which the relay node is
played by an idle sensor [1, 2]. However, the sensors are generally placed in the human body
or special environment. In actual operation, it is inconvenient and expensive to recharge or
replace the batteries [3]. Furthermore, the cooperative sensors may be reluctant to consume
their energy to assist the transmission, which results in the power-constrained problems. For
this difficulty, EH is a new green technology to provide continuous power supply for the
wireless devices by harvesting energy from ambient environment. Besides traditional EH
sources such as solar, wind and heat, a new solution is to exploit the energy carried by radio
frequency (RF) signals [4]. Subsequently, two major EH relay protocols named as “time
switching (TS) protocol” and “power splitting (PS) protocol” are proposed for cooperative
networks [5]. For the TS relay protocol, the total transmission process can be divided into
three phases, which are used for EH, information receiving and information relaying
respectively. For the PS relay protocol, the relay nodes split the received signal into two
streams with different power to achieve energy supply and information decoding [6]. In
conventional EH one-way relay systems, the throughput maximization is investigated with
amplify-and-forward (AF) and decode-and-forward (DF) relay mode [7-9]. Furthermore, EH
technologies are applied to the internet of things and cognitive networks to solve the
power-constrained problems of wireless devices [10, 11]. In [12, 13], the time resource
assignment for the backscatter-aided RF powered cognitive radio networks is investigated. On
the other hand, due to the broadcast nature of RF energy transmission, system security will not
be guaranteed. Therefore, an artificial-noise-aided beamforming design is proposed for a
downlink multi-input single-output (MISO) EH network and a two-tier heterogeneous EH
cellular network [14, 15]. In [16], the minimum transmission power optimization guaranteeing
the secrecy rate constraint and the transmit power constraint is solved by using the
S-procedure and semidefinite relaxation techniques, in which the relay can utilize the PSor TS
relay protocol to harvest energy.

Comparing with one-way relay systems, two-way relaying has been widely used in various
EH networks owing to its high spectrum efficiency. Time division broadcast (TDBC) and
multiple access broadcast (MABC) are two major two-way relay protocols, which can realize
that two terminals exchange information through an EH intermediate relay [17-26]. For TDBC
EH protocol, the total transmission process is divided into three unequal length slots, and the
relay node can harvest energy from two sources in the first two time phases [17, 18]. In [19-21],
energy efficiency and outage performance are optimized with DF relay mode. For the MABC
EH protocol, the relay node can harvest energy from two sources in the same phases [22-26].
Under PS protocol, the optimal power allocation and relay selection schemes based on
max-min rate of two links are designed with perfect and imperfect channel state information
(CSI) [22, 23]. And the joint power allocation and relay selection scheme based on the TS
protocol is proposed in [24]. Taking the sum rate as the performance metric, the power
allocation schemes are also investigated in two-way EH networks [25, 26].

In some typical sensor networks, remote sensors need to transmit real-time information to
the AP through the relay node, in which both sensors and relay nodes are energy-constrained.
Inspired by the traditional two-way relay networks, the EH bidirectional cooperative system
networks are proposed to solve this problem, in which both the SN and relay can be charged
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via the wireless powered transfer [27-30]. In [27, 28], the instantaneous rate maximization
problems with respect to the resource division ratio are studied with the situations of one and
multiple DF relay nodes. As the extension of [27, 28], the energy efficiency maximization
optimization is investigated in [29]. However, the joint optimization problem in [29] is not
solved due to the non-convexity of the objective function. Besides, the basic QoS constraints
and EH activation constraints in energy efficiency optimization problems are also ignored.
Using the AF relay node, the optimal closed-form resource division ratio can be obtained to
maximize the instantaneous rate under the special case P, — oo [30].

With the development of the concepts of environmental protection and sustainable
development, energy efficiency has been an important metric to evaluate the network
performance of cellular mobile communication systems [31, 32]. And a joint optimization
problem of computation and communication power is formulated for multi-user massive
MIMO systems with partially-connected structures of RF transmission systems [33]. However,
most energy efficiency maximization problems are non-convex. To cope with these problems,
the iterative algorithms are proposed to transform the original non-convex problem into the
convex problems step by step [34]. Using fractional programming, the fractional form of the
objective function can be transferred to a parameterized polynomial subtractive form, which
can be solved by Dinkelbach’s method [35]. The non-convex constraints can be integrated into
the objective function by Lagrange dual method [36] or exact penalty method [37]. In addition,
the alternative search method can decompose the optimization into sub-problems that are easy
to solve [38]. Hence, the above optimization algorithm has great inspiration for solving
non-convex optimizations of this paper.

The main contributions of this paper are summarized as follows:

1. In this paper, we investigate the energy efficiency of EH bidirectional cooperative sensor
networks with AF mode, in which the relay node can assist uplink information transmission
from the SN to AP and the downlink energy transmission from the AP to SN. The considered
system model can solve the power-constrained of the relay and SN using TS or PS protocol.
Furthermore, we also consider the imperfect self-interference cancellation (SIC) with the PS
relay protocol, which is more in line with the actual application scenario. To maximize the
energy efficiency, the joint optimizations of the transmission power and resource division ratio
are formulated subject to the EH activation and QoS requirement.

2. For the formulated non-convex optimizations, we propose the low complexity FAS
iterative algorithm based on fractional programming and alternative search method to obtain
the global optimal transmission power and resource division ratio. The key idea of the
proposed algorithm first converts the objective function into the parameterized polynomial
subtractive form by fractional programming. However, the converted optimizations are still
non-convex. Hence, we decompose the optimizations into two sub-problems, which can be
proved to be convex. The local solutions can be obtained by conventional convex
programming and the global solutions can be obtained by the alternative search method.

3. Simulation results illustrate the convergence and low complexity of the proposed FAS
algorithm. Furthermore, we compare the proposed schemes with other conventional schemes,
which show that the proposed schemes can provide more performance gain over conventional
schemes.

The rest of this paper is organized as follows. The proposed EH bidirectional cooperative
sensor networks are described in Section 2. Considering the EH activation constraint and the
minimum target rate requirement, the energy efficiency maximization problems are
formulated. And a distributed iterative algorithm with low complexity is proposed to solve the
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non-convex optimization in Section 3. Simulation results verify the effectiveness of the
proposed resource allocation strategies in Section 4. Section 5 concludes this paper.

2. System Model

The considered EH bidirectional cooperative sensor network is depicted in Fig. 1, in which the
SN sends the information to the AP with the help of an AF relay. All nodes are equipped with
a single antenna for half-duplex operation. The relay node is acted by the idle sensor, which
serves dual roles to achieve both energy and information relaying. The relay node and SN are
power-constrained and solely powered by EH, while the AP can be powered by on-grid power.
All the harvested energy of SN and relay is consumed for information transmission. To
maintain the switching between wireless power and information transmission, the storage unit
is equipped at both relay and SN, which is a rechargeable battery. Using the existing energy of
the SN battery can initialize the information transmission before EH [29]. Due to the
long-distance and deep fading, the direct link between AP and SN is ignored. Moreover, it is
assumed that the quasi-static channel model with perfect CSI can be obtained by the
transmitters. In practice, the CSI can be acquired by the pilot-assisted reverse-link channel

training [30].
. <<@ »>>_, &

“«--- «-——-
SN

AP Relay(idle sensor)
— — — »Information flow ———Energy flow

Fig. 1. The system model of bidirectional cooperative sensor networks.

2.1 Power Splitting Protocol

——SN AP
Information Information

T/2 e T/2
Fig. 2. Bidirectional cooperative sensor networks with PS protocol.

For PS protocol, the entire transmission duration of the bidirectional relay system is completed
within two equal phases T /2. As illustrated in Fig. 2, the relay receives the energy
signal x, and information signal x, transmitted from the AP and SN during the first phase.

Therefore, the received signal of the relay can be given by
Ve = /Pahxa +/Ps 9% +1g (1)

where Py and P, denote the transmission powers of the SN and AP; the channel gains from AP
and SN to the relay node arehand g , which are assumed to be reciprocal; ngis the additive
white Gaussian noise at the relay node.
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Since we adopt the PS protocol, the relay node assigns p portion to recharge its battery, and
the otherl— p portion is used for energy and information relaying, Wherepe(o,l)is the PS

factor. In practice, the SN harvests the energy transmitted from AP via the relay node. The
energy signal experiences two times channel attenuations and a series of other losses, which
results in Py << P, [27-30]. This phenomenon can be explained by equation (10). Thus, we

ignore the harvested energy from SN and the noise. During the first phase, the harvested
energy of the relay node can be given as

Er = £PE{|ya [ | (T 12) = &oPa|n (T 12), )

where E{-} represents the expectation operation; & € (0,1) is the energy conversion efficiency.
The transmission power of the relay node can be calculated as

Pr = &oPa|n[*. ©)

Then, the remainingl— p portion signal can be given by
Vo =N (Pt + By o, 1 ). @

In the second phase of the time durationT /2, the relay node broadcasts energy and
information to the SN and AP. To use more energy for the information signal relaying, the

relay cancels the energy signal x, from y'R by using SIC. In the case of imperfect cancelation,
the post-cancellation signal at the relay can be expressed as

yR:Vl_P(\lprthJr\/gng’LnR)! )

where{ e (0,1] is defined as the cancelation coefficient to characterize the level of imperfect
cancelation. Therefore, the signal transmitted by the relay node can be given by

XRZ\/E(\/l__P(\/P—ngs"'ﬁth"'nR)"'n;?)’ (6)

where 3 denotes the normalized amplify factor; ny ~CN (0, oé ) is the additional processing

noise. Since n'R dominates the antenna noise n,, we ignore ng for simplicity. The signal
transmitted by the relay node can be re-represented as

Xq =\/ﬁ(\/1—7p\/§gxs+./cj(1—p)\/P7Ahxa+ng). @)

With the given expression in (5), the normalized amplify factor can be given by
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2
$pPalh
p= ; Al — (8)
(1—,0) P |g| +(1—p)§’PA|h| +0R
Subsequently, Xgis amplified and forwarded to the AP. Thus, the received information signal
of AP can be expressed as

Y =B (L= Py 08, + [T p) B 1 ) ®

wheren, ~CN (0, oi) denotes the additive noise of AP.

On the other hand, the received energy signal at SN can be given by ys = gxg . Ignoring the
additive noise at SN, the transmission power of SN can be calculated as

_doPE{f)

s = =Pl gl (10)

Combining the equations (8), (9) and (10), the received signal-to-noise ratio (SNR) at AP is
formulated as

__ B-p)Rlel

B} o + ¢ (1-p)Paln[* + o2
_ R p* (1= p)|n["lg

EoPalh* oF + &p(1- p)PAZ N +((L- p)E%Puplnf g + (1= p) ¢ Palhf + o )
(11)

7PS(PA1p)

As a result, the instantaneous information rate at AP with respect to p and P, is

RPS(PAvp)Z%IOQZ(l"'?/PS(PAUO))- (12)

The total transmission process of the PS relay protocol is divided into two equal durations,
while the AP only transmits power P, during the first phase. Besides, part of the energy

(1- p)(1-¢) P, is canceled in the second phase. Note that the total power consumption of the

relay node and the SN is supplied by the AP. Thus, the total power consumption of the
considered network with PS protocol can be given by

St :%K‘PA +P, —%(l—é’)(l—p) Pa =%(K—(1—p)(1—§))PA +P,, (13)

where « is the inverse of power amplification efficiency; P, is the total circuit power
consumption by digital to analog converter and frequency synthesizer.
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2.2 Time Switching Protocol

Energy — SN AP R 5N
AP-———==2R Information Information
= e (1-0)T/2 ¢ (1-0)T/2

Fig. 3. Bidirectional cooperative sensor networks with TS protocol.

The TS protocol requires three phases to complete the entire transmission, which is shown in
Fig. 3. During the first phase oT , the energy signal with power P, is transmitted from the AP

to the relay node, where o € (0,1) denotes the TS factor. Thus, the amount of harvested energy
at the relay node can be given by

Er ~ &P, |H T . (14)

In the second phase of duration (1—a)T /2, SN transmits its information x, to the relay.
The received signal at the relay node can be expressed as

Yr = \/P_ngs +Ng. (15)

Using all the harvested energy Eg , the relay sends the amplified signal \/EyR to the AP and
the SN in the remaining phase, where the normalized amplify factor can be given by

22aPy|*

P= (1—0:)(P3|g|2 +G§) .

(16)

The received signal at the AP is
yAZh\/E(\/gng"'nR)"'nA' (7)

Hence, the harvested energy at the SN can be calculated as Eq = §|g|2 ﬂEDyRH(l— a)T /2

= szA|h|2 |g|2 aT . And the transmission power of the SN can be given by

Es  _ 2£2P, [h?|of &
(1-a)/2 l-a '

P = (18)

Combining the equations (16), (17) and (18), the received SNR at AP can be calculated as
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BP [ |gf 48302P,2 nPgl*
715 (Pasat) = 2| |2| |2 = a 2A | | | | (19)
,B|h| OR +0 2§a(1—a)PA|h| ORr
+(2(-a)era|nf o] o +(1- ) o} )
As a result, the instantaneous information rate about & and P, is
l-a
RTS(PA,a)leogz(lJr;/Ts(PA,a)). (20)

The total transmission process of the TS relay protocol is divided into three phases, while
the AP only transmits the power in the first phase duration aT . And all the energy of the relay
and SN are originated from AP. Therefore, the total power consumption can be given by

Ptz)—tsal = aKPA + I:,c : (21)

3. Formulation and Solution of Energy Efficiency Optimization

In this section, the energy efficiency maximization optimizations subject to EH activation
constraint and QoS requirement are formulated under the PS and TS protocol. Due to the
transmission power and resource division factor are coupled to each other, we can not obtain
the global optimal solutions directly. To cope with the non-convexity of the optimizations, the
FAS algorithms are proposed. By using the fractional programming, the original objective
function is converted into parameterized polynomial subtractive form. Then the transferred
optimizations can be decomposed into two sub-problems. After proving that the optimization
is a convex problem with the given resource division ratio or transmission power, the global
solutions can be obtained by the alternative search method.

3.1 Power Splitting Protocol

3.1.1 Problem Formulation

The definition of energy efficiency is the ratio of the information rate and the total power
consumption, which is given by

R

Tee = [bits / Joule] . (22)

total

In the case of high SNR, the equation (11) can be approximated as

&P’ (L= p)lN" o’ |
Eplhl* ot + &6p(1- p)Palhf +((1-p) %P |0 o] + (1- p)< ") o7

7/F>'s(PAa,0)z (23)

Based on (22), the energy efficiency of PS relay protocol neF;S is formulated as
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1
=log, (1+ P.,
né (Pasp)= R§§(PA”O)=1 g% 7vs () . (24)
Rout (P ) - (x~(1-p) (1= C))Pu .

Considering the QoS requirement and EH activation constraint, the optimization of energy
efficiency maximization can be given by
PL: max ng (P, 0)
{Pa.p}
st.C, Rps >Ry,

C, 0<p<1
C; 0<P,<P

max
C, Palnf*>0
&oPa|hf|of >0

, (25)

ol

where R, is the minimum rate requirement; & represents the activation sensitivity of EH

receiver; P, is the maximum power of the AP. Besides, PA|h|2 and sprA|h|2|g|2 are the
power arrived at the relay and SN. Obviously, both the objective function and constraint C, are

non-convex due to p and P, are coupled to each other, which results in the non-convexity of
the optimization problem.

3.1.2 The Proposed lIterative Algorithm for PS Protocol

For the proposed FAS algorithm, we first transform the objective function into parametric
programming, which can be solved by Dinkelbach’s method. Let¢" denotes the maximum
energy efficiency of the considered system. Then we have that

Roe (P, 0
go*: PS( AP ) — max RPS(PAHD), (26)

Rea (P 07) P2 Pt (Pap)

where P,"and p" are the optimal transmission power and PS factor. Since™, P, and p” are
the optimal solutions, we have

. Res (Pa 0" . Res(Pup)
Rea (Pa"P") P (Parp)

9 7)

After the mathematical operation, (27) can be rewritten as

Res (Pa.2)— ¢ Pt (P, p) <0, (28)
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Res (Pa’ ")~ 0 Rii (P4 07) =0. (29)

Therefore, the upper boundary of Reg (Pa, ) — ¢ e (Pa, £) is equal to 0. In other words, the

maximum energy efficiency ¢ can be achieved only when the following equation is satisfied

{Tax} Res (Pas2) =@ Poi (Pas2) = Res (PA*’P*)—(/’*RQ; (PA*:P*) =0. (30)

At

where
{nga/)j(} Rps (PA,p)—(thgtSa, (Pa,p) (31)

is defined as the parametric program with parameter ¢.
Remark 1: In fact, using Dinkelbach’s method can generate a strictly increasing
sequence ¢(i) that superlinearly converges to ¢~ with an initial value ¢(0)<¢ . The

convergence of fractional programming has been proved in [39, 40]. Hence, after finite
iterations, the iterative process will terminate at

Res (Pa (i), 2(i)) = (i) Pog (Pa(i). £(i)) < @ with the convergence tolerance w > 0. Based

on the above analysis, the algorithm of fractional programming is given in Algorithm 1,
where | is the maximum number of iterations.

Algorithm 1 Dinkelbach’s method to convert energy efficiency optimization
1: Initialization: the iteration indexi =1, ¢(i), wandl ;
2: Input: the instantaneous channel state informationhand g ;
3: Do
Solve the transferred optimization (31) with the given go(i), and obtain the

sub-optimal solutions P, (i)and p(i);
Ros (Pa (i), £ (1))
Pt (Pa (1), £ (1))
5: While Rpg (P4 (i), 2(i)) - 9 (i) Poi (P () p(i))zwandi<|

6: Return ¢ —RPS(PA ,p(l)) total( p(i)), PA*=PA(i) and p*zp(i).

andi=i+1;

4: Updated (i +1) =

After applying the fractional programming, the optimization problem P1can be re-expressed
as

Pla. {n%?.;(} RPS (PA,p)_(PPtc’JDtSaI (PA’p) . (32)

However, the optimization problem is still non-convex. We still cannot obtain the final
solution by mathematical calculations directly. To solve this problem, we decompose Pla into
two sub-problems with fixed P, or p .
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Proposition 1. With a given p, Plais a convex problem with respect to P, . When P, is given,
Plais also a convex problem with respect to p .
Proof: See Appendix A.

After proving the convexity of the decomposed two sub-problems, the local solutions can be
obtained by convex programming. Then, the alternative search method can be used to obtain
the global optimal solutions iteratively. The key idea of the alternative convex programming is
that only one local solution of p or P, can be obtained in each iteration while the other is fixed,
which is shown in Algorithm 2. The convergence tolerance and the maximum number of
iterations are denoted by @ and K .

Algorithm 2 The proposed alternative power and resource division ratio
algorithm to solve Pla

1: Initialization: the iteration indexk =1, @, K, P,(k)and p(k);
2: Input: the giveng;
3: Do
Solve (31) with a given p (k) by convex programming, obtain P, (k +1);
4: Calculate Rpg (Py (k +1), p(k)) — @Pos (Pa(k +1), p(K));
5: Solve (32) with a given P, (k +1) by convex programming, obtain p(k +1);
6: Calculate Rpg (Py (k +1), p(k +1)) — P (Pa(k +1), p(k +1));
R (Pa(k+1), p(k+1)) = @R (Pa(k +1), p(k +1))
—Res (Pa (k+1), p(K)) — @Roar (Pa (k +1). p(k))
8: ReturnP, =P, (k+1)and p" = p(k +1).

7: While >wandk < K

Proposition 2. The local solutions can be obtained by convex programming. Then, the
generated sequence Rps (Py(k +1), p(k +1)) - @Pgs; (Pa(k +1), p(k +1)) by the alternative

search method converges monotonically.
Proof: See Appendix B.

3.2 Time Switching Protocol
3.2.1 Problem Formulation

In the case of high SNR, the energy efficiency neTeS can be formulated as

4, 4
1_2“|og2 L 2§P,;|h|2|g| a4 2
S (p _ RTS(PA’(Z) _ (1—a)(|h| O-R+§|g| GA) 33
77ee( A’a)_PTS (P - ) P . ( )
total A’a) aKFp + 1

Thus, the energy efficiency maximization problem with consideration of the QoS requirement
and EH activation constraint can be expressed as
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P2: {r;l%nlf (Py )

st. C; Rys >Ry,

C, O<a<l
C; 0<Py<P
C, Py|h[*>0 . (34)
22aPy [’ |of’ v
© (1-a)

3.2.2 The Proposed lIterative Algorithm for TS Protocol

To solve the non-convexity of P2, the fractional programming can be used to convert (33) into a
parameterized subtractive form, which can be expressed as

P2a: max Ry (PA,a)—5PtZtSal (P )

{Paa} , (35)
st.C, ~Cy

where & is the parameter of the fractional programming. It is obvious that P2a is still a
non-convex problem. Similar to the PS scheme, we decompose the optimization (36) into two
sub-problems with respect to P, and o respectively.

Proposition 2. With a given o, P2a is a convex problem with respect to P,. When P, is

given, P2a is also a convex problem with respect to o .
Proof: See Appendix C.

Then the alternative convex programming can be used to obtain global solutions. Changing
the optimization parameters and objective function, the outer loop can be solved by Algorithm 1,
and the inner loop can be solved by Algorithm 2. The convergence of the proposed algorithm
with TS relay protocol is similar to the PS relay protocol. Thus, the proof is omitted here.

3.3 Computational Complexity Analysis

In this section, the computational complexity of the proposed algorithm is analyzed. The
proposed algorithm is a nested structure with fractional programming, alternative search method
and convex programming. The global solutions of transmission power and resource division
ratio can be obtained by the proposed FAS algorithm with low computational complexity.
Except for the convex programming part, the total number of iterations can be given by

min{wa@,,IK}, where o and @, denote the iterative numbers corresponding to the fractional

programming and alternative search method when the stop conditions wand @ are reached. The
final convex sub-problems can be solved by the fast gradient method [41]. Hence, the
computational complexity of the fast gradient method with respect to transmission power and

resource division ratio can be given by z//lzo(l)min{\/g:lln(i} i} and
2

U U

1

¥y :O(l)min{ /ﬁ In(—], g_z} where g, and ¢, are the Lipschitz constants; 7, and 7, are
Ty U, v,
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the convexity parameters; v, and v, are the convergence tolerances, referring to [41]. Therefore,
the owverall computational complexity of the proposed algorithm can be given

by {min{w@,, IK}}(v1+v,).

4. Simulation Results

In this section, we first prove the convergence and low complexity of the proposed iterative
algorithm comparing with the exhaustive search method. Subsequently, we compare the
proposed schemes with traditional schemes under different parameters to evaluate energy
efficiency performance. For the proposed schemes, we assume that the distance between AP
and SN are fixed atd . =3m, and the relay can move within the line of AP and SN, whered .,

d g and dgg denote the distance between AP to SN, AP to relay and relay to SN respectively.

The channel gain |h|2 and |g|2 aresettod,, *anddgs™* [27], where A is the path-loss exponent.
And the simulation parameters are presented in Table 1.

Table 1. Simulation parameters

Parameter Value
Path-loss exponent A 3
Cancellation coefficient £ 0.001
Energy conversion efficiency & 0.3
Noise power density o3 , 7 -10dBm/Hz
Total static power consumption P, 25mwW
The inverse of power amplification efficiency x 1
Maximum transmission power P, ., 30dBm
Activation threshold of EH circuit & -10dBm
The minimum rate requirement Ry, 1bps/Hz
Convergence tolerance of iterative algorithms @ , @ 10°

For evaluating the output performance and the convergence behavior, the energy efficiency
of the proposed PS and TS schemes are illustrated in Fig. 4 and Fig. 5 by contrast with the
exhaustive search method. The distance between AP to relay d 55 is set as 1.5m. The step-size

of the exhaustive search accuracy is set as10™°, which is not strictly accurate but results in a
great amount of calculation. Simultaneously, the global solutions calculated by the adjacent

iterations are employed as the predefined convergence tolerance o =@=v,=v, =10 of the

proposed algorithm for the fair comparison. As shown in Fig. 4 and Fig. 5, the proposed
algorithm with PS protocol can achieve near-optimal energy efficiency about 21.4573bits/J.
For TS protocol, the energy efficiency of the proposed algorithm is about 23.94bits/J.
Comparing with the exhaustive search method, we can find that the proposed algorithm can
achieve a very small output performance loss. On the other hand, we can also find that the
proposed algorithm with PS and TS protocols converges within 7 iterations. This result
reflects that the proposed algorithm has lower computational complexity than that of the
exhaustive search method.
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For the proposed algorithm and the exhaustive search method, Fig. 6 illustrates the
achievable energy efficiency versus the distance between AP to relay d g with different

settings of circuit power consumption P,. From Fig. 6, there is about 0.003bits/J energy
efficiency performance loss of the proposed algorithm. Especially, the energy efficiency of the
proposed algorithm can achieve 33.62bits/J when P.=10mW and d,g =1.5m . With the
increase of d . from 1.2m to 1.8m, the achievable energy efficiency increases. Besides, it can

also be noticed that less circuit power consumption of the networks leads to higher energy
efficiency.

For the TS protocol, the effects of the circuit power consumption and the distance between
AP to relay on energy efficiency are illustrated in Fig. 7. Similar to PS protocol, the proposed
algorithm can achieve similar output performance with the exhaustive search method.
However, the proposed algorithm only requires a relatively lower complexity. The energy
efficiency is increased with the improvement of d . and the reduction of P, . Specifically, the

proposed algorithm can achieve 22.3bits/J when P,=40mW and d . =1.8m..
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Fig. 4. Energy efficiency versus iteration numbers of PS protocol.
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Fig. 5. Energy efficiency versus iteration numbers of TS protocol.
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Fig. 7. Energy efficiency versus the distance between AP to relay of TS protocol.

In Fig. 8 and Fig. 9, we plot the energy efficiency under various resource division ratio with
different transmission powers of AP 20dBm, 23dBm and 27dBm, respectively. It can be seen
that these six curves have the maximum energy efficiency with different resource division
ratio. The energy efficiency first increases and then decreases as the resource division ratio
increases. Moreover, energy efficiency can achieve 21.983bits/J when P, =27dBm and

p=0.7 . Besides, energy efficiency can achieve 23.45bits/J when P, =27dBm and
a=0.124.
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Fig. 8. Energy efficiency versus different PS factor when P, =27dBm , P, =23dBm and P, = 20dBm.
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Fig. 9. Energy efficiency versus different TS factor when P, = 27dBm , P, = 23dBm and P, = 20dBm.

With the minimum rate requirement varying from R, = 0bps/Hz to Ry, = 3bps/Hz , Fig. 10
shows the effect of the path-loss exponent when A =2.5,4=3and A =4. The circuit power
consumption and the distance between AP to relay are fixed at P.=25mW and d ,g =1.5m . As
expected, the proposed PS scheme is declining about 20.79bits/J with the increasing path-loss
exponent between 4 =2.5to A =4. With the increasing of R, , achievable energy efficiency is
declining. The reason is that a larger R;, may lead to smaller feasible domain of the
optimization problem. When R, becomes large enough, the information rate of the proposed

algorithm is even less than the minimum rate requirement, which is another reason for
excessively low energy efficiency.

35

The proposed PS scheme,
—&— The proposed PS scheme, A=3
—— The proposed PS scheme, A=

1 15 2 255 3
The minimum rate requirement

Fig. 10. Energy efficiency versus the minimum rate requirement of PS protocol.

For the TS protocol, the effects of R, and A on energy efficiency are shown in Fig. 11. We
can see that the energy efficiency of the proposed schemes decline if we expect to achieve a
larger value of the minimum rate requirement. The reason for this phenomenon is similar to
Fig. 10. Additionally, the output performance is reduced by the bigger path-loss exponent.
That is because the bigger path-loss exponent indicates the stronger the channel fading. The
energy efficiency can only achieve 3.0961bits/J when A =4 and R, = 3bps/Hz .
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Fig. 11. Energy efficiency versus the minimum rate requirement of TS protocol.

In Fig. 12 and Fig. 13, we compare the proposed schemes with other conventional schemes
and rate maximization scheme in [27] when the energy conversion efficiency varies from 0.1
to 0.9. Therefore, the first compared schemes are the optimal resource division ratio schemes
with the fixed transmission power of AP P, =0.8 and P, = 0.5 . The second compared schemes

are the optimal transmission with the fixed resource division ratio p=0.3, p=0.5,

a=0.3and ¢ =0.5. Moreover, the third compared schemes are the rate maximization
schemes with the optimal resource division ratio and the optimal transmission power [30].
As shown in Fig. 12 and Fig. 13, the proposed schemes with PS and TS protocols have the
highest energy efficiency compared with the other three schemes. In particular, the energy
efficiency of the proposed PS scheme can achieve 55.68 bits/J when£=0.9. In Fig. 13, the

energy efficiency of the proposed TS scheme can achieve 48.32bits/J when £=0.5 .

Additionally, the optimization of resource division ratio and transmission power has an impact
on energy efficiency. Moreover, the six energy efficiency curves are monotonously increasing
as the energy conversion factor becomes larger. The reason is that the relay node and SN can
harvest more energy for transmission.
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Fig. 12. Energy efficiency of the proposed PS scheme versus other schemes.



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 14, NO. 6, June 2020 2703

60

IS
8

Eneregy efficienty(bits/J)
3 8

5

Fig. 13. Energy efficiency of the proposed TS scheme versus other schemes.

5. Conclusion

For bidirectional EH cooperative sensor networks, we investigate the energy efficiency
maximization optimizations under TS and PS protocol, which can achieve uplink information
transmission from the SN to AP and the downlink energy transmission from the AP to SN.
Especially for the PS protocol, the impact of imperfect SIC on the system is studied.
Considering the minimum EH activation constraint and minimum rate requirement, the
non-convex energy efficiency optimizations are formulated with respect to the resource
division ratio and the transmission power of AP. To cope with this difficulty, we propose the
FAS algorithm based on fractional programming and alternative convex programming.
Simulation results are conducted to verify the better output performance and convergence of
the proposed schemes. In future work, multiple AP and SN pairs will be studied. Moreover, we
will investigate the security problem of the considered network and merge physical layer
security technology to prevent the eavesdropping of confidential information.

Appendix

Proof of Proposition 1

Pla (32) can be re-expressed as

1
max —log, | 1+ Poal (Pas2)

{Pap} 2 ( BP,o(1- p)+Cp

1- p) (1 p)+ Ep]

>Ry, , (36)

st lIo 1+
PN +D(1 p)+Ep

C2-C4

BPAp(l p)+Cp

where A=&%hf°|g|*, B=&£|h, C=a3&?|hf|g|', D=o2¢|h[* and E =& o2 . With
the fixed p , the second-order derivation of yps ( Py, o) With respect to P, can be calculated as
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4
0*Res (Pap) _ 2ABCDEp® (1-p) | @7

0P,? (BPap(1-p)+Cp(L-p)+D(1-p)+Fp)

We can see that 0°Rps ( Py, ) / 0P, less zero, which means that Ry ( Py, o) With respect to P,

is a convex function. With the given P,, the second-order derivation of ypg (P, p) with
respect to p can be calculated as

627/F>s (PA:P)
6,02
2ApPA(D2(p3 ~3p? +3p-1)+E2p’ + Ep’(BP, +C)+ DEp2(3—2p)) '

(D(1-p)+BPup(1-p)+Cp(1-p)+Ep)

(38)

In (38), we can prove that the terms p* —3p? +3p —1and 3—2p are positive within p e (0,1).
Thus, 7ps(Pa,p) @nd Rps (Pa,p) with respect to P, and p are two convex functions

respectively. Besides, other constraints in (36) are also convex. Thus, the decomposed two
sub-problems are convex.

Proof of Proposition 2

In(k +1) th iterations, the local solution of P, (k+1) can be obtained with the given p(k) by
fast gradient method [41], while P, (k) is only the feasible solution. Hence, we have

Res (Pa(k-+1), p(k)) = oRi (Pa (k +1).2(K)) < Ros (Pa (). (K)) ~ RS2 (Pa (k). o (K)).
(39)

Similarly, p(k+1)is the local optimal solution with the obtained P, (k +1), while p(k) is
only a feasible solution. We can conclude that

Res (Pa (K +1),P(k+1))—€0|:’t§t§| (PA(k +1)’p(k+1))'

(40)
< Res (Pa(k+1), (k) = oRgu (Pa (k+1). p(K))
Adding the equation (39) and equation (40), we can obtain that
Rps (Pa(k+1), p(k+1)) - @Rgoy (Pa(k +1), p(k+1)) "

< Res (Pa (k). 2(k)) - 9Pomi (Pa(k). p(K))

After obtaining (41), it means that the sequence Rpg (P, (), o(Kk))—@Pggi (Pa (k). p(k))is
monotonically decreasing and convergent.
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Proof of Proposition 3

For simplicity, P2a (35) can be re-expressed as

maxl_—alog2 (1+MJ— Pocat (P, @)

{Pual 2 B,(1-a)
l1-« AP
st. Tlog2[1+mJ>Rth . (42)

C2-C4

where A =2&|h|*|g[* and B, = |h|® o2 + £|g[* o2 . With the fixed @ or P, the second-order
derivation of Ryg (P4, a ) with respect to Py and & can be calculated as

O Rrs (Pua)__1-a Ao’ . @)
G 2 In2(APa+B (1-a))

O Rrs () __ A . (44)
oa’ 2In2(1-a)(Aa +-B(l-a))’

It can be seen that both (43) and (44) are negative. Therefore, Rg (PA, a) is convex for & with

fixed Py, and Rrs (P,, ) is also convex for P, with fixed o . Hence, the decomposed two
sub-problems are two convex problems since the constraints in (42) are also convex.
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