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Abstract: Paradigm shift to wireless power transfer provides opportunities for ultra-low-power
devices to increase energy storage from electromagnetic (EM) sources. The notable gain occurs when
EM sources deliver information as a meaningful signal with power transfer. Thus, energy harvesting
(EH) is an active approach to obtain power from surrounding EM sources that transfer energy
deliberately. This paper discusses energy efficiency (EE) trade-offs and EE maximization in
simultaneous wireless power and information transfer (SWIPT) for wireless sensor networks (WSNs).
The power splitting (PS) and time switching (TS) model for SWIPT are investigated in detail, where EE
optimization is essential. This work formulates EE maximization problem as non-linear fractional
programming and proposes a novel algorithm to solve the maximization problem using Lagrange
dual decomposition. Numerical results reveal that the proposed algorithm maximizes EE in both PS
and TS modes through noteworthy improvements.

Keywords: energy efficiency; energy harvesting; information decoding; quasi-concavity; wireless
power transfer

1. Introduction

The next generation of wireless technology is growing and concurrently demand for power
consumption is increasing. The wireless power transfer (WPT) has become a reality, and mainly
has two approaches: One is magnetically coupled resonance, and the other is radio-frequency (RF)
waveforms for power transfer [1]. The application of resonance coupling has some weaknesses in
particular scenarios where mobile nodes cannot migrate. However, RF signal travels freely through
the air and provides a real opportunity for mobility. Compared to coupled magnetic resonance, the RF
signal is considered as a promising energy source for WPT. At present, there are a lot of interests in
energy harvesting (EH) and a promising solution to recharge ultra-low-power devices [2,3].

Recently, simultaneous wireless information and power transfer (SWIPT) has increased its
popularity in modern wireless networks. Several studies have considered SWIPT configuration
in different modes such as power splitting (PS), time switching (TS), antenna switching (AS),
and separated receiver architectures [4-7]. The combined study, where SWIPT concerns multiple inputs
multiple outputs (MIMO) broadcast operations, is considered to identify its achievable rate-energy (RE)
regions for PS and TS mode at the design level [8]. The SWIPT system based on secured orthogonal
frequency division multiplexing (OFDM) is studied with wireless powered jammer for optimal power
allocation [9], where the joint power allocation of jammer and transmitter is optimized to increase
the secrecy rate and satisfy the EH constraint. The SWIPT deals with a multi-relay assisted two-hop
cooperative communication [10], where each relay uses a PS protocol to settle the received signal
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energy for information decoding (ID) and EH. A SWIPT-aware fog computing investigated [11],
where the sensor node performs EH and ID operations from a hybrid access point (HAP) through PS
receiver architecture. On the other hand, Reference [12] investigates the SWIPT architecture which uses
distinct peak-to-average-power-ratio (PAPR) for information and multi-sine waveforms for energy.
In this case, the information conveys on different PAPR streams, which can be measured at the
output of rectifier for EH, and permits a low-energy combined receiver. In [13-17], the combined
power control and time allocation is considered to examine the relationship between energy efficiency
(EE) and delay concerning in wireless powered communication network (WPCN). The future trends
in WPT applications focused on wireless networks, the concept of joint interest is introduced [18],
where the physical and energy-aware properties in clustering and resource management processes
support various internet of things applications. A cognitive radio network based on multiuser
SWIPT is investigated [19] and an efficient weighted sum harvested energy (WSHE) algorithm is
proposed to find the optimal beamforming and PS ratios. Recently, Reference [20] introduces an
energy-efficient distributed antenna system which uses the PS scheme at IoT device for EH and ID
operations, by varying transmit power of allocated antenna port of IoT device. At present, the study
on SWIPT focuses on cornering its basic architectural design and applications in some systems, such as
MIMO wireless broadcast systems and cooperative relay network. In energy-constrained wireless
technology, EE maximization aspect is not considered in detail for PS and TS mode. This work
formulates EE maximization problem as non-linear fractional programming and proposes a novel
algorithm to solve the maximization problem using Lagrange dual decomposition. By utilizing the
SWIPT system model, this work adapts two different receiver’s architectures for PS and TS mode.
The EE is enhanced notably by modifying PS ratio of power splitter as well as varying time-slots.

The rest of this paper is organized as follows. Section 2 begins with introducing the SWIPT system
model. Section 3 formulates the non-convex optimization problem in PS and TS modes, and proposes
iterative algorithms for optimal solutions. Numerical results are presented in Section 4, followed by
conclusions in Section 5.

2. System Model

2.1. Simultaneous Wireless Information and Power Transfer (SWIPT)

The system performance can be predicted by using system-level simulation (SLS), which gives
benefits of modifying simulation parameters with low cost and risk [21]. In SWIPT, the receiver not
particularly gains energy as a conventional receiver but also harvests energy from the incoming RF
signal [22-25]. The receiver is used for mainly two purposes: one is EH, and the other is for ID
as shown in Figure 1. The system model consists of a transmitter (Tx) and receiver (Rx) antenna,
where EH and ID functions are performed using the co-located antenna at the receiver. Whereas,
the transmitter contains x(f) signal with a constant transmit power Pr, exhibits amount of energy and
coded information to the receiver over a quasi-static fading channel. And n(t) and h, denotes the noise
and channel gain respectively.

y(£) = ho+/Prx(t) + n(t). @
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Figure 1. Simultaneous wireless information and power transfer (SWIPT) model.

2.2. Energy Efficiency in Power Splitting Mode

In the REF field, straightforward implementation of EH destroys the information contents [26]
and to avoid such a situation the incoming signal needs to split. In Figure 2 for successful energy
transfer, the signal divides into two power streams at the receiver: One is for EH and the other is for
ID. For such case, p is used as PS ratio between EH and ID, ranges from 0 to 1. In (2) and (3), p and
1 — p are the ratios designated for ID and EH functions, respectively. The Qgy represents the power
of harvest energy at the receiver and ¢ is the EH efficiency. Equation (3) represents the information
rate, where B is the total transmission bandwidth, and N, is the sum of the antenna noise (Tg and
signal power noise ¢2. In PS mode, 7j¢ is defined as a ratio of total information rate R and total power
consumption Er [23]. Whereas, h represents the channel power gain, equals to |/,|%. P, and Pr are
circuit power conversion and transmit power, respectively. And y is the inverse power amplifier
efficiency. By substituting R and E in (4), we get #gg, where B denotes channel bandwidth, as below

Qen = ¢hPr(1—p), (2)
hP:
R = Blog,(1+ pNOT)' 3)

hP
Blog,(1+ pN—DT)

— . 4)
TEE = B Py — EhPr(1— p)

Energy
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Figure 2. SWIPT power splitting (PS) mode.

2.3. Energy Efficiency in Time Switching Mode

In the TS mode, time switching is performed by varying time slots for EH and ID operations.
In Figure 3, received signal switches time between EH and ID at the receiver. The additional time for
downlink results in more harvested energy for the receiver and fewer time slots slows the transmission
for uplink data. In this mode, T represents a switching ratio between EH and ID, which ranges [t, T].



Energies 2018, 11, 2917 4 0f 15

In (5) and (6), T — 7 and T are allocated for EH and ID operations, respectively. Equation (6) represents
the information rate, where Ug is the antenna noise at the receiver. For the TS mode, #gg can be
express as

Qen = ChPr(T — 1), )

hPr

R = BI 1+ —
og,(1+ 2

)T, (6)

Blog,(1+ %)T

_ 7
TEE = (P, + uPr) — ehPr(T — 1) @

Energy
Tt Harvestin
E
EH)
x(t) (
¥
Transmitter Battery/
(Tx) Y Storage
!
k Information
o2 . T ™ Decoding
N (1D)

Figure 3. SWIPT time switching (TS) mode.

3. Problem Formulation

3.1. Energy Efficiency Maximization in Power Splitting Mode

For successful information transmission, ID rate and a total amount of power harvested from RF
signal must be more than or equal to R,;, and E,;;,, respectively. The splitting ratio p is between 0
and 1, where Pr ranges from 0 to maximum transmit power Py,. Then, maximization problem can be

written as
III}T?;( EE (8)
subjectto R > Ryin, )
Er > Epin, (10)
Pr < Py, (11)
0<Pr, (12)
0<p<l. (13)

Spectral efficiency #sg is defined as the ratio of information rate to the total bandwidth of the
channel. From this relationship, we can obtain the transmit power. Substituting Pr into (7) gives EE vs.
SE trade-off for PS mode shown in (14). By using this relationship, as a result, a quasi-concave shape is
represented in Figure 4, for different PS ratios. The available channel bandwidth is 150 MHz, Pr ranges
from 10 to 40 mW, and the circuit power conversion P, is 10 mW at the receiver. For simplicity, ¢ and &
are set to 1; and 02 and 02 are equal to —20 dBm. It is worth noting that, initially, EE increases to peak
value while SE increases. After attaining peak value, EE decreases with respect to defined parameters
resulting in quasi-concave shape [7].

- Bho(nse)
"EE = 3o+ (1 — hE — phl) (275 — )N, 14)
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Figure 4. Spectral efficiency (SE) vs. energy efficiency (EE) trade-off in PS mode.

Lemma 1. For PS ratio p, the objective function of EE is quasi-concave with respect to Pr. By using transmit
power in PS mode, the objective function of EE is also quasi-concave with respect to p.

Proof. After calculating first order condition (FOC) and second order condition (SOC), one can get

PR Bh?p?
02Pr  In2% (N, + hoPr)?

<0, (15)

R Bho?Pr(o?Y +2p07Y) “0 16)

9%p In2 x N2(N, + pPrh)?
From (15), one can observe that second-order partial derivative of R with respect to the Pr is
concave. And in (16), R is concave with respect to the p with the fact that Y = ¢Z + Prh. In (2), EH is

positive affine functions with respect to Pr. In (4), transmit power is a positive affine function with

respect to p. From these observations, function 7gg = R/E7 is the ratio between concave and affine
function, and as a result, the output is a quasi-concave function. 0O

3.2. Energy Efficiency Maximization in Time Switching Mode

Similarly, for active communication in the TS mode, information rate must be more than or equal
to Ryip,. The total amount of power must be more than or equals to E,;;,,. The time switching constraint
in TS mode ranges between T and T. In addition, Pr ranges from 0 to maximum transmit power Py,.
Then the maximization problem can be written as

max fee 17)
subjectto R > Ry, (18)
Er > Epin, (19)

Pr < Py, (20)

0 < Pr, (21)

0<r, (22)
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T<T. (23)

By using (24), the relationship between EE and SE, as shown in Figure 5, shows that EE initially
increases to its peak value as SE increases. After attaining its peak value, EE decreases with respect to
defined parameters resulting in quasi-concave shape [7].

_ Bh(1sE)
TP+ (Tp— (T = 1)hg) (2715e/™ = 1)(03)

1EE (24)

Lemma 2. For the switching ratio T in TS mode, the objective function of EE is quasi-concave with respect to
Pr. By using transmit power Pr in TS mode, the objective function of EE is quasi-concave with respect to T.

Proof. After calculating FOC and SOC, one can get

9’R Bh2?
_ 25
92Pr may? =V >
pLI. 2BTlog,(1+ %)T(Pc + uPr — ¢Prh) 0 (26)
2t [ePrht+ T(P+ uPr — PP

From (25), one can observe that second-order partial derivative of information rate R with respect
to the Pr is concave. In (2), EH is affine positive with respect to Pr. Furthermore, harvested energy is an
affine positive function with respect to T in (6), as result output is a quasi-concave function. Note that
EE maximization problem in TS mode is concave-convex optimization problem and information
rate R with respect to 7 is concave. On the other hand, E7 positive affine function with respect to
7. From these observations, function ygg = R/E7 is the ratio between concave and affine function,
and as a result, the output is a quasi-concave function. [

By using (26), variation with respect to T is shown in Figure 5. From Lemmas 1 and 2, our objective
function (ygg = R/Er), is the ratio of concave and affine function, in results, the output is a
quasi-concave function. In the above lemmas, quasi-concavity and concavity of the objective function
are revealed.

switching factor

Energy Efficiency, Neg (bits/joules/Hz)

1~-

6 8 10 12 14 16
Spectrum Efficiency, (bits/sec/Hz)

"Isg

Figure 5. SE vs. energy efficiency (EE) trade-off in time switching (TS) mode.
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3.3. Optimal Solution of Power Splitting Mode

For the fractional problem for PS mode, the Dinkelbach’s method (i.e., Algorithm 1) can be
used. Based on the Dinkelbach’s algorithm, this work proposes Algorithms 2 and 3 for PS and TS
mode, respectively.

Algorithm 1: Dinkelbach’s algorithm

Initialization: ¢ > 0,i = 0

Ai=0

while (mod(F(A;) > €)) do
x = f(x) = Ah(x);
F(Ai) = f(xi) — Aih(x);
Aiy1 = f(xi)/h(x;);
i=i+1;

endwhile

W N =

® NN o G

Algorithm 2: Proposed iterative power splitting algorithm

1 Initialization: input parameters
2 ygg=0andj=0
5 while (mod(L; — k' > €)) do

4 i=0;

s while (7kp — 7k > €, (AT — AL ASTE — AL, ALFL — ALY < €)) do
6 i=i4+1;

7 Calculate optimal value of Pr

8 Calculate optimal value of p

9 Update: /\§+1 = a1(Ppax — Pr) + Al

10 Update: AS™ = ay(Er — Epin) + Ab;

1 Update: A5 = a3(R — Ryin) + AL;

12 endwhile

13 By using P]T* and p/*, calculate optimal value of ’755 £*
14 =i+

15 endwhile

The main purpose of applying Dinkelbach’s method is to transform the concave-convex fractional
problem (CCFP) into a convex optimization problem. To achieve an optimal solution in (8), Lagrangian
dual decomposition is applied,

A(Pr,0,AM,A2,A3) = R = ggET + A1 (Pyy — Pr) 4+ A2(ET — Epin) + A3(R — Rypin)- (27)

The Lagrange multipliers A1, A5, and A3 are used for Pr, R, and Er, respectively. For simplicity,

we eXpreSS
W = Pihp + N,, (28)
X =ngep — Ay, (29)
7o B(14 A3) (30)

* o S(n2)(A2 —nee)
To find out optimal Pr and p in PS mode, we have a first-order partial derivative of the Lagrangian
function represented in (31) and (32), respectively,

IA  Bhp(1+A3)

b - Weln2 + e+ A +h(A2 — 1eg)C(1 —p), (31)
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aA_ B + BAj (72

e ( o )(W - ﬁ) + hPr¢(nee — Az2)- (32)

Equating first-order partial derivative 2 pem P and to zero, we can find optimal solution of P; and
p*, respectively,

* B(l +)\3) . &
Pr= In2% (A —qegep) + hEln2« X(1—p)  hp’ (33)
—20202 4+ hPro? + VY2 —
o* = 0,05 + TO' (34)

o2y

The constant step sizes (i.e., a1, a2, and a3) are used for updating to obtain optimal Pr and PS ratio.
For each i'" iteration of the Algorithm 2, dual variables A1, A,, and A3 updates as

/\éJrl =m0 (Pmax - PT) + Ai/ (35)
A = a3 (E7 — Epin) + Ab, (36)
ASFY = a3(R — Ryin) + Ab. (37)

3.4. Optimal Solution of Time Switching Mode

In the TS mode, Dinkelbach’s method can be applied as in PS mode. In every k" iteration,
EE are updated by obtaining optimal transmit power PX* and TS ratio 7¢*. Based on the Dinkelbach'’s
algorithm, this work proposes Algorithm 3 for TS mode.

Algorithm 3: Proposed iterative time switching algorithm

1 Initialization: input parameters
2 npgg=0andk=0;

3 while (mod (75, — 7ki! > €)) do

4 1=0;

5 while (75, — it > €, (AT — AL ASFL — AL, ABFL — AL) < €)) do
6 i=i+4+1;

7 Calculate optimal value of Pr

8 Update: A{™! = a1 (Ppax — Pr) + AL;

9 Update: /\l;l = ay(ET — Epin) + Ab;

10 Update: AS™ = a3(R — Ryyi) + AL

11 endwhile

12 j=0;

5 while (7h; — bt > e, (AT — AL AT — AL AT - AL) < €)) do
14 j=j+1

15 Calculate optimal value of T

16 Update: AJH = b1 (Ppax — Pr) + A]'

1

17 Update: A ]+ =by(Er — Epin) + Az,

18 Update: AJH = b3(R — Ryi) + A3,

19 Update: A]H =by(T—1)+ A
20 endwhile
21 By using P+ and 7+, calculate optimal value of 7% *

22 k=k+1;
23  endwhile
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To obtain an optimal solution of (17), the Lagrangian method can be applied as below,
A1 (Pr, T, M, A2, A3) = R — yggEr + A1 (Pyy — Pr) + A2(ET — Epin) + A3(R = Rypi).  (38)
To find out optimal transmit power Pr, we have FOC of the above function as

aAl . TBh(1+)\3)

From (39) equating FOC to 0, we find the optimal solution,

pr_ TBh(l + )\3)
T (In2)[A — yeE(Tu + &(T — 1)h)]

2

g
S 40
h (40)

For obtaining optimal transmit power and switching ratio, constant step sizes (i.e., a1, a2, and a3)
are used for updating in each iteration as

/\TH =a (Pmax - PT) + Al ’ (41)
AL = ay(Er — Epin) + Ab, (42)
AP = a3(R — Ryiy) + Al (43)

In order to obtain an optimal solution in (17), the Lagrangian method applied as below,
A2(Pr, 7,81, 82,43,p) = R —yjeeEr + A (Pyy — Pr) + Ao (Er — Epin) + A3(R = Ryin) + B(T — 7). (44)

Here, Lagrange multipliers A1, Ay, A3, and A, are used for Pr, Ry, and Et, respectively.
For simplicity, we express
Prh
X = Blogy(1+ —-), (45)
Uﬂ
Y = ¢Prh. (46)
To find out optimal transmit power Pr, we have FOC of the above function as

dh; _ XT(uPr+P.—Y)
ot (YTr+T(uPr+P.—Y))

S+ AX — ALY — B (47)

From (48) equating FOC to 0, we find the optimal solution,

o \/XT(yPT +P—Y) T Pyt P ). )

MY —MX+B Y

For obtaining optimal transmit power and switching ratio, constant step sizes (i.e., by, by, b3,
and by) are used for updating in each iteration as

A]1'+1 = bl(Pmax - PT) + Ajl', (49)
A];rl = bz(ET — Emin) + Aé, (50)
AL = bs(R = Ryin) + B, (51)

N = by (T — 1) + A (52)
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3.5. Effective-Throughput in Power Splitting Mode

The outage probability is defined as the probability that information rate is less than the outage
targeted information rate (R") [27-30]. For the system model in Figure 2, we assume that the channel
power gain & satisfies exponential distribution and is represented in (53). Therefore, outage probability
is denoted by Py, where R < R’ in (54). By using (55), the probability of successful transmission (i.e.,
1 — Pyyt) can be obtained and the relationship between energy-throughput ;- and R’ formulated in (56).

F(z) = 1-exp(~), (53)

Pour = Pr{R < R/}/ (54)

Pyt =1 — exp(_w , (55)
Ry . (2% —1(Np), (56)

bE = —exp(—
NEE Er p( Proh,

3.6. Effective-Throughput in Time Switching Mode

For the system model in Figure 3, we assume that the channel power gain & satisfies exponential
distribution. The CDF of / realizing R < R’, can be expressed as an exponential function. Thus, outage
probability P, is similar to the PS mode with only the difference of TS ratio T and Ug. Thus, outage
probability Py, is transformed in (57). By using (57) and the probability of successful transmission (i.e.,
1 — Pout), a relation of outage target information rate and energy-throughput 7% is formulated in (58).

Poyr =1 — exp(_W), (57)
R, 28 —1)(0?
NEg = FTE P(—( PThz(U )) (58)

4. Numerical Results

We already discuss EE vs. SE tradeoffs, and quasi-concavity of the EE in PS and TS mode,
in previous sections. This section provides the simulation results and discusses the convergence of
the proposed algorithm in PS and TS mode, separately. The complexity analysis for the proposed
algorithms in Algorithms 2 and 3 can be observed by nested loop in PS and TS mode, respectively.
The first loop estimates EE and inner loop updates the dual decomposition variables. We use 30
iterations for simulation to estimate EE in each iteration, which is well converged, with an acceptable
tolerance of 0.00005 in PS and TS mode. The computational complexity can be observed by
O(ny) * O(ny), where nq is the size of the first loop and #; is the size of the inner loop for PS and TS
mode. Compare to the previous related work [13,20,28,31,32] this works improves the EE in PS and TS
mode where the transmitter not fully aware of the channel state information (CSI). The transmission
bandwidth and circuit power conversion are 150 MHz and 10 mW, respectively. In the PS mode,
different levels of transmit power are used from 10 to 40 mW. For simplicity, ¢ and channel power gain

h set to 1. Antenna noise ¢Z, and signal noise power ¢Z are equal to —20 dBm.

4.1. Algorithm Convergence and Energy Efficiency in Power Splitting Mode

For the proposed Algorithm 2, numerical results are shown in Figures 6 and 7. The Figure 6
plots EE vs. the number of iterations with acceptable tolerance. The EE of the proposed algorithm
completely converges after first ten iterations. When transmit power is minimum, maximum energy
is supplied to the EH part of the receiver in PS mode. The peak EE is achieved with transmit power
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40 mW in the PS mode. In Figure 7, the relationship between the number of iterations and EE is shown
using PS ratios over interval [0,1]. The EE decreases as p changes to 0.1,0.3,0.5,0.7, or 1, and the
behavior of EE shown for different PS ratios. It is noteworthy to compare the convergence time for
different scenarios in Figures 6 and 7 with specified iterations in PS mode. In addition, the PS ratio
decrease as EE increase and convergence obtained after the initial five iterations.

80 -
A A A A A A
or T
),
60 |

Energy Efficiency , Neg (bits/joules/Hz)
N
o

30
Transmit Power
—-+4-—P_=10mW
20 T
—-A-— PT=20mW
10k PT=30mW
PT=40mW
0 -4 Il Il Il Il Il Il I}
0 5 10 15 20 25 30 35

number of iterations

Figure 6. EE with respect to transmit power.

0.7+
0.6
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& o05F
-
o
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S 04r
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0.2+ — 4+~ =1.00
p =0.70
p =0.50
0.1r =0.30
Ay 2010
0 1 1 1 1 1 1 ]
0 5 10 15 20 25 30 35

number of iterations

Figure 7. EE with respect to splitting ratio.

4.2. Effective Throughput and Outage Target Rate in Power Splitting Mode

In Figure 8, a relationship of outage targeted rate and energy-throughput efficiency is investigated.
Figure 8 illustrates energy-throughput efficiency with different PS ratios. The 1% is quasi-concave
energy function with respect to outage targeted information rate. When the splitting ratio is minimum,
the maximum energy is supplied to the EH part of the receiver which achieves peak energy-throughput
efficiency. Furthermore, when p set to 1, almost negligible EH at the receiver. The energy-throughput
efficiency is maximized for different PS ratios.
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Figure 8. EE vs. outage information rate in PS mode.

4.3. Algorithm Convergence and Energy Efficiency in Time Switching Mode

Figures 9 and 10 show the numerical results of the proposed Algorithm 3 in the TS mode.
In Figure 9, the convergence of the proposed algorithm is obtained after five iterations. When transmit
power is minimum, maximum energy is supplied to the EH part of the receiver in TS mode. In Figure 10,
EE decreases as T changes to 0.1,0.4,0.5,0.7, or 1, and the behavior of EE is shown for different TS
ratios. The TS ratio decrease as EE increase, and convergence is achieved after five iterations.
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Figure 9. EE with respect to transmit power.
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4.4. Effective Throughput and Outage Target Rate in Time Switching Mode

The Figure 11 illustrates energy-throughput efficiency with different TS ratios. The 7j is
quasi-concave energy function with respect to outage targeted information rate. When TS ratio
is minimum, the maximum energy is supplied to the EH part of the receiver which achieves peak
energy-throughput efficiency. Furthermore, when 7 set to 1, it is almost negligible EH at the receiver.
The energy-throughput efficiency maximized with different TS ratios.
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Figure 11. EE vs. outage information rate in TS mode.

5. Conclusions

This paper studied the EE maximization problem and proposed algorithms to solve the
optimization problem in PS and TS mode. Simulation results elucidated that EE is essential in SWIPT
transceiver design and EE can be improved by modifying parameters in the practical considerations.
The proposed algorithm converged towards the optimal solution by PS and TS ratios in fewer iterations.
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It is worth noting that EE improved by regulating PS and TS ratios using a power splitter and from
varying-time-slots, respectively. For the EE improvement, EH is one of the most promising solutions.
Analysis of this work will assist understanding SWIPT framework and EE improvements in WSN.
Our future research can stretch out to the EE maximization at the design level.
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